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INTRODUCTION

Of all the ecosystemcomponents,water is
perhapsthe most sensitiveto the disturbanceof
vegetationand soils on the land surface.Water is
not only a valuableresourceproductfrom forests
andrangelands,but is also the principal carrier of
nutrientsthroughthe soil-plant-water-atmospheric
continuum. Water responds to disturbances
througha variety of characteristicsincluding: tim-
ing andquantityof flow, physicalparameters,such
as temperature,sedimentcontent, dissolved ox-
ygen; andbiological andchemicalconstituentsand
characteristics.

Effects of variousland treatmentmeasuresand
disturbanceshave been best characterizedfor
water quantity and timing. Interestin water as a
responseindicatorof forestcover alterationsdates
to the early 1900’s; timing, peakdischarge,water
yield, and sedimentwere the principal hydrologic
responsesof interestin researchprogramsaimedat
improving water yields from forests and range-
lands.

In the 1960’s, the emphasisshifted markedlyto
utilization of chemical, physical, and biological
waterqualityparametersas indicatorsof nonpoint
sourcesof pollution resulting from silviculture ac-
tivities. Since prescribedburning is probably the
most widely used treatment in managementof
forestsandrangelandsandis animportantpart of
the ForestService’snewfire managementpolicy, it
is appropriateand timely to assembleour current
knowledgeof effectsof fire on water.

Researchon effects of fire on water interfaces
closely with and probably overlapssome of the
researchdiscussedin theEffectsof Fire on Soils, A
State-of-KnowledgeReviewGTR WO-7. Nonethe-
less,an understandingof the cycling processeson
the land surfaceis basicto an understandingof the
hydrologicresponsesto disturbanceobservedat the
streamand lake level.

In this review,studiesof wildfire andprescribed
burning havebeenutilized for an assessmentof fire
effects. However, in areastypified by low acreage
burned(NortheastUnited States,for example),lit-
tle informationis available.Forsuchareaswehave
utilized information from studiesnot involving fire

to obtain estimatesof responsesthatmaybeantici-
pated from burning. We felt this was necessary
becauseof wideninginterestin theseregionsfor the
useof fire for silvicultural purposesandfor wildlife
habitat improvement.

Where possible, we haveincluded information
on effectsof wildfire suppressionactivities,suchas
mechanical fireline construction and aerial ap-
plication of retardant chemicals. Discussion of
fireline constructionactivities is especiallyperti-
nent for Alaskanpermafrostsituations.The scope
of this reviewhasbeenexpandedto includeeffects
of post-wildfire andpost-prescribedburn activities,
suchas erosioncontrol fertilization, sincetheseare
integral partsof fire managementprograms.

Field studiesto determinethe effects of fire on
waterresourceshavegenerallyusedthreeprincipal
approaches:

Unit watershedor catchment study.—This
involvesestablishmentof the relationshipamong
severalw~tershedsfor precipitation input, stream
discharge,timing, temperature,and water quality
during a calibration or pretreatmentperiod.
Responsesto treatmenton oneor morewatersheds
for theseparametersarecomparedto the pretreat-
ment period and one or more untreatedcontrol
watersheds.

Lysimetric or runoff plot study.—Thisstudy
usesan approachsimilar to theunit watershedor
catchmentstudybuton a small plot scale.An area
is physically delineatedwhere precipitation input
can be determinedfor a unit areaor applied ar-
tificially. Dischargecanbe collectedandmeasured
or depth and duration of flow can be measured.
Changesin quantityandquality of waterfollowing
treatmentof this known areaof landcanbe readily
determined.

Tension lysimetry study.—In this approach
moisture is pulled from the soil through porous
cups or platesundertension.

A discussionof the advantagesand disadvan-
tagesof thevarious approachesis beyondthe scope
of this review; referto Hewlett (1970)andHewlett
et al. (1969)for discussionsof themeritsof various
approachesfor studying water responsesto
managementpracticesand otherperturbations.
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FIRE AND HYDROLOGIC PROCESSES: ONSITE
EFFECTS

Hydrologicprocessesthatmaybeaffectedby fire
include: interception, infiltration, soil moisture
storage, snow accumulation,snowmelt, overland
flow, surfaceerosion,andmasserosion.

RAINFALL INTERCEPTION

Interception is the processwherebyvegetation
interruptsthefall of precipitationonto thesoil sur-
face.For this discussion,the forestfloor (including
vegetation,litter, and decomposedorganicmatter
abovethe mineralsoil) is also consideredan inter-
ceptionbody.Perhapsthe mostimportantfunction
of the interceptionprocessis reductionof raindrop
impactat thesoil surface.Thisdetachmentcoupled
with overland flow is an importantcomponentof
the erosion process(Farmer 1973). Hewlett and
Nutter (1969) estimatedthat thekinetic energyof
2.5centimetersof rainon 929 squarecentimetersof
hare soil is 68 joules (50.4 foot/pounds).Osborn
(1954a)showedthat 5 centimetersof rainfall might
detachand set in motion 179 metric tons of soil
material perhectare.The effectivenessof vegeta-
tive cover in preventing soil erosion splash is
directly proportional to the amount of cover
(Osborn1954b).

Originally, precipitationretainedor detainedon
the vegetationand evaporatedwas referredto as
interceptionloss. However, Rutter (1967) stated
thaton the average,interceptionreducestranspira-
tion lossesby about 20 percent.The amount of
water requiredto wet thevegetation(averagerain-
fall storagevalue) rangesfrom 0.03 to 0.23 cen-
timetersfor coniferousandhardwoodforestsof the
United States, according to a review by Helvey
(1971). A summaryby Zinke (1967)showedthat in-
terceptionby shrubsandgrassesaverages0.13cen-
timeters.Forest floor interceptionstorageranges
from 2 to 27 percent of the gross precipitation
(Helvey 1971). Zinke (1967)reportedthat storage
valuesfor the forestfloor averageabout0.41 cen-
timeters, but other studies indicate the average
may be closerto 0.30centimeters(Kittredge 1955,
Garciaand Pase1967,Clary and Ffolliott 1969).

Interceptionlossesduring individual rainstorms
are a function of the interceptionstorageand of
meteorologicalconditions during the storm. The
percentageof total precipitationlostto interception
increasesdirectly with density of vegetation and
foliagecover andindirectly with amountof precipi-
tation receivedand storm duration. Interception
losseson undisturbed forest lands during large,
flood-producingstormsarerelatively small, rang-
ing from about2 to 10 percent.

Removalof vegetationandthe underlyingforest
floor by fire decreasesthe amountof interception
thereby increasing the potential for runoff. No
studieswerefound thatprovidedirectmeasuresof
changein interceptionloss by fire. It is likely that
almost all interception is temporarily eliminated
by an intenseburn,whereasa light understoryburn
mayhavelittle or no effect. Muol andBuell (1955)
demonstratedthe importanceof mossesin the in-
terception processin New Jerseypine barrens.
Mosscover thatdevelopsfollowing forestfire may
absorban averageof 1.3 to 1.7 centimetersof pre-
cipitation.However,theseauthorspointedoutthat
the mosslayer is not as effectivefor soil protection
as the thick litter layer that developsin unburned
areas.

INFILTRATION

Infiltration may be defined as the amount of
water that canbe absorbedby soil in a given time
period. If more water is supplied than can infil-
trate, the excessis available for rapid runoff as
overlandflow. Sprinkling infiltrometers havebeen
used in numerous infiltration studies on forest
lands.Someimportantvariablesfoundto affect in-
filtration under simulated high-intensity rainfall
rates (9.1 to 12.7 centimetersper hour) include:
percentagegroundcover,vegetativecover type,soil
volume-weight, weight of the dead organic
material, and other protective cover (Dortignac
and Love 1961, Meeuwig 1965, Bethlahmy 1967).
Many of thesefactorsmaybeadverselyaffectedby
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fire andresultin reducedinfiltration andincreased
overlandflow.

DeByle andPacker(1972)reportedthat logging
reducedsoil bulk density and increasedporosity
but subsequentprescribedfire exertedan opposite
effect. Arend (1941) demonstrateda significant
reductionof infiltration rateof 2.03centimetersper
hour on plots burned annually for 6 years com-
pared to unburnedplots in the Missouri Ozarks.
Burning causedapproximatelya three-fold reduc-
tion in infiltration in oak woodlandon silt loam
soilsin Illinois (Auten 1934).

Fire also influencesmicroclimateon a site in a
variety of ways including greatertemperatureex-
tremesfor both air and soil (Fowler and Helvey
1978). Such changesincreasethe potential for soil
frost formation which, if of the concretetype,can
causea dramaticreductionin infiltration (Bullard
1954).

In chaparralzonesof southernCalifornia, fire
hasbeenshown to createwater repellentlayersin
the soil (KrammesandDeBano1965,DeBanoand
Krammes1966, DeBanoet al. 1970). Theselayers
createa nonwettablecondition that seriously in-
hibits infiltration and are a major causeof in-
creasedoverlandflow (DeBano 1971, Rice 1974).
Nonwettability increasesas intensity of fire in-
creases.Although water repellencyproblems are
most pronouncedin chaparralzones,the problem
is not confined to southern California. Dyrness
(1976)demonstratedincreasedwaterrepellencyin
the upper23 centimetersof soil for 5 yearsfollow-
ing wildfire in lodgepolepine standsof the upper
Cascadeslopesin Oregon.Following wildfire in a
ponderosapine habitat, Campbell et al. (1977)
found that soils of sandytexturedevelopedwater
repellencythat persistedfor 4 years. Infiltration
was reducedfrom 6.8 centimetersper hour on an
unburnedareato 2.6 centimetersperhouron areas
that wereseverelyburned.

SOIL MOISTURE STORAGE

Throughoutmostof the United States,the soil
mantleis rechargedto capacityor to nearcapacity
during the springtime.At the start of the growing
season,transpiration proceedsrapidly from the
readilyavailablemoisturestoredin thesoil. As the
seasonprogresses,the water stored in the soil is
diminished.The water deficit that usuallyexistsin
thesoil by thefall is subsequentlyreducedthrough
the winter andearlyspring.Vegetationremovalby

fire canleaveconsiderablymorewaterin thesoil at
the endof thegrowing seasonthan would haveex-
isted if the vegetation had been undisturbed,
becauseof a net decreasein evapotranspiration.

Following a wildfire in north-centralWashing-
ton, Klock and Helvey (1976b)observedan 11.6
centimeter increase in minimum autumnal
moisturein the upper120 centimetersof soil com-
pared to the prefire conditions. Becauseof the
reducedmoisturestoragecapacityof the soil man-
tle, subsequentprecipitationwas thus more likely
to generaterunoff here than on an undisturbed
area. Klock and Helvey (1976a)emphasizedthat
higher autumnal soil moisture following fire was
an important factor in mass soil movement on
steepmountainslopes.

Trends in autumnal soil moisture for 3 years
after fire, observedby Klock and Helvey (1976b)
indicatedthat soil moisturemight returnto prefire
levels about 5 yearsafter fire. However,they did
not anticipatesucha quick returnbecausevegeta-
tion compositionwould not be the sameasit was
prior to fire. Also, minimum autumnal soil
moisture in nearby clearcut areas10 years after
harvestwasstill greaterthanprior to harvest(Her-
ring 1968).

In contrast to results showing increasedsoil
moistureafter vegetationremoval,Campbellet al.
(1977) observedreducedsoil moisturein the upper
30 centimeters in an area severely burned by
wildfire comparedto an undisturbedarea.Theyat-
tributed the differenceto greaterrunoff from the
burnedarea.Summerdrying of this soil layerwas
also more pronouncedin burnedthan unburned
areas.

Studiesof soil moisture storagedirected at the
effects of logging rather than fire support the
resultsof Klock andHelvey (1976b).Ziemer(1964)
studied soil moisture depletion in the subalpine
forest zone on the western slope of the Sierra
Nevada mountains. Soil moisture in 122 cen-
timetersof soil wasincreased17.5, 7.4,3.0, and 1.8
centimetersin logged areasof cuttings of 1, 5, 10,
and 12 yearsof age, respectively.Croft and Mon-
ninger(1953)found that soil moistureat the endof
the growing season increased10.2 centimeters
following removalof aspen trees and 20.4 cen-
timeters when both aspen and understory her-
baceouscover wereremoved.

SNOW ACCUMULATION
Thetotal snowwater equivalenton a watershed

at any time throughoutthe winter is primarily a
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function of the total snowfall. Otherfactorsof im-
portanceinclude evaporationlossesor gains (in-
cluding interception), snowmelt during the ac-
cumulationseason,andthe effectsof wind on the
patternof snow accumulationand its subsequent
redistribution.All thesefactorsmay be affectedby
vegetationto somedegreeandconsequentlyby fire.

Meiman (1968)presenteda comprehensivesum-
mary of most of the North American studiesto
date. Importantsitevariablesidentified as affect-
ing snowaccumulationincluded:elevation,aspect,
vegetationtype, size of trees,the canopydensity,
andsizeof openingsin the trees.In general,snow
accumulationwas found to be inversely propor-
tional to the amount of vegetative cover. Six
different studiesreportedthat removalof western
treespeciesby variouscutting methods(selection,
strip, andpatchcutting) resultedin increasedsnow
accumulation,rangingfrom about10 to 50 percent
andaveraging25 percent.Thehighervaluestended
to result from patch and stripcutting ratherthan
selectioncutting.

Although no studieswerefound that evaluated
thedirect effectsof fire on snowaccumulation,the
studiesreported above suggest that greater ac-
cumulation will occur in small, hot burns, or in
larger burnswhere someresidual forest standre-
mainsthan in large,hot burns(e.g.greaterthan 4

hectares)where snow accumulation is reduced
becauseof increasedwind scour.

SNOWMELT

Several investigatorshave shown that spring
snowmelt is more rapid in large natural forest
openingsor artificial openingscreatedby clearcut-
ting than in areasunderthe forestcanopy(Haupt
1951,Berndt 1961 and1965,Rothacher1965,Gary
and Coltharp 1967). Anderson (1956) attributed
differencesin snowmelt betweenopeningsof un-
disturbedareasin a red fir forest in California to
shading by treessouth of the openingsand back
radiationfrom treeson thenorth side of openings.
In Anderson’s study, melt rates under a dense
forestcover averagedabout50 percentof thosein a
largeopening.

The U.S. Army Corpsof Engineers(1956) con-
ductedcomprehensivestudiesof the energybudget
of the snowpackunder open and forestedcondi-
tions andconcludedthat melt ratesare in general
considerablygreaterin smallclearings.No studies
were found documenting the effects of fire on
snowmeltrates.However,it is likely that scorching
of ground materialsand boles of treeswould in-
creaselongwaveradiationto the snowpack,thereby
accelerating snowmelt rates even greater than
thosereportedfor logging.
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OVERLAND FLOW

Overlandflow occurswhen theinfiltration rate
or capacity of a soil has beenexceededby the
amountof incomingprecipitationor by the rateof
snowmelt. Independentvariablesinclude all the
soil and plant factors that influence infiltration
rate,intensityanddurationof precipitation,steep-
nessof slope,and whetheror not the soil is frozen
(Wisler and Brater1959).

Forunburnedchaparralwatersheds,Rice (1974)
observedthat overlandflow rarely exceeds1 per-
centof rainfall andis oftennonexistent.In thefirst
year after fire, he measuredup to 40 percentof
rainfall occurring as overland flow with the
averagerangingfrom 10 to 15 percent.In western
Montana,DeByle andPacker(1972)observedthat
overlandflow from snowmeltwasup to eight times
greaterfrom logged and burnedplots than from
unburned.Treatmentshadreducedsoil protective
coverfrom 98 percentto less than50 percent.Over-
land flow from snowmelt was greater than that
resulting from summer storms. Summer storm
overland flow was highly correlated with total
summer precipitation. Reductions in summer
storm overland flow observed in the third and
fourth years after treatmentwere attributed to
reduced precipitation and improved protective
cover of vegetation.

Overland flow after prescribedburning on six
miniwatershedsin dozedjuniper lands of central
Texas was directly related to slope steepness
(Wright et al. 1976). On level watersheds(1 to 4
percentslope),overlandflow was not affectedby
fire. On moderatelysteepslopes (8 to 20 percent
slope),overlandflow wasgreaterthan pairedcon-
trols for thefirst 12 to 18 months.Overlandflow on
steepslopes(37 to 61 percent)wasstill greaterthan
pairedcontrolsafter 30 monthsandappearedto be
related to the rateat which bare areasrevegetate.
Vegetationdid notdevelopasrapidly or uniformly
on steepslopes,as on moderatelysteepslopes.

In northernMississippi, Ursic (1969 and 1970)
found that prescribedburning on steep slopes
causedincreasedoverlandflow. The mostsignifi-
cant changesoccurredon besssoils—theleaston
sandy soils. Ursic found that small changesin
vegetationcovercouldgreatlyinfluencehydrologic
responsesof small headwater catchments.
Stormflow responseswere relatedto the presence
or absenceof a fragipan.

SURFACE EROSION

Surfaceerosion,includingsheeterosionandrill-
ing, canbedefinedasthemovementof individual
soil particlesby water or wind, and is a functionof
forces available,protection affordedthe soil sur-
face, and the inherent erodibility of the soil. As
describedabove,fire increasesavailable forcesby
increasingeffectiveprecipitation,wind movement,
andoverlandflow. Protectionat the soil surfaceis
reducedby lossesof surfacelitter. Soil erodibility is
increasedbecauseof the volatilization of soil
organicmatter and destructionof soil aggregates.
As might be expected,the net effect of burning is
towardincreasedsurfaceerosion.

In westernMontana,DeByle andPacker(1972)
observedthatsoil erosionassociatedwith overland
flow from snowmeltincreasedfrom zerofor control
plots to 50 and 150 kilogramsperhectarethe first
and secondyears, respectively,following logging
andprescribedburning.Exceptfor erosionof 1340
kilogramsperhectareduringa highintensitystorm
thefirst yearafterburning,erosionassociatedwith
summer stormswas slightly less than that from
snowmelt.However,becauseof splasherosionfrom
raindrop impact, summer storms were a much
moreefficient erodingforce than snowmeltrunoff.
Overlandflow was lessthanathird of that during
snowmeltandyet erosionrateswereonly slightly
less.This is confirmedby comparingkinetic energy
of raindropaction (68 joules) with that for over-
land flow (0.03joules)on 929squarecentimetersof
baresoil (Hewlettand Nutter 1969).

Cooper (1961)found significantincreasesin ero-
sion following controlled burning of ponderosa
pine on basaltsoils in Arizona. Sheeterosionand
rilling on granitic soilsin Idaho wereboth greatly
acceleratedfollowing awildfire on a clearcutarea

of mixed Douglas-fir-ponderosapine (Megahan
andMolitor 1975).An adjacentuncutareashowed
slight sheeterosionand no gullying following the
fire. Connaughton(1935) evaluatedeffects of fire
on erosionof graniticslopesin Idahoin relationto
burn intensity,slopegradient,and logging. Erosion
increasedwith bothslope gradientandburn inten-
sity and was higheron logged areasthan on non-
logged areas.

Roweet al. (1954)reportedthat erosionrates35
timesgreaterthan normal could occur in the first
yearafter a fire, andratesof 12 timesnormal could
occurin thesecondyear.Erosionratesobservedby
Davis (1977)for nine large watershedsin the San
GabrielMountainsessentiallyagreedwith thoseof
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Roweet al. It is generallyacceptedthat watershed
erosionratesdo notreturnto normaluntil 10 years
following a fire.

Runoffanderosionin thetaigaof Alaskaappear
to be lessresponsiveto fire thanotherareasof the
United States.According to Viereck (1973a),this
results from the high waterholding capacityof the
organic layers, rapid revegetation of partially
burnedorganicsoils, long periodswhen the soil is
frozen, and low intensity of summer rainfall.
However,constructionof firelineson permafrostis
one of the most protracted and serious conse-
quencesof forest fires. Long-lasting impacts are
greatestalong small watercoursesin valley bot-
toms wherethe substrateconsistsof organicsoils
underlain by permafrost (Lotspeich et al. 1970,
DeLeonardis 1971, Viereck 1973b). When the
vegetationandorganicmat are removed,the per-
mafrost melts, releasinglargequantitiesof water
and initiating a seriesof water-filled depressions.
This problemis compoundedif a nearbystreamis
captured by the system so that more water is
availablefor meltingthe permafrostand for erod-
ing thesurroundingsilt.

The combination of melting ice wedges and
water erosionmay result in erosionditches5 to 10
meters deep even on relatively gentle terrain.
Revegetationof theseditchesis slow becauseof the
continuousslumping and erosion—S to 10 years
after a fire theremay still be activeerosioneven
though the surroundingburned area has nearly
recoveredfrom the effectsof the burn.Considera-
ble effort is now madein Alaskato locatefirelines
away from low-lying permafrostsites, and quick
rehabilitationof firelinesis donewheneverpossible
by constructionof water bars, seeding,and fer-
tilization (Bolstad 1971).

Also in contrastto erosion observedfollowing
fire in muchof the United States,initial andrepeat
prescribedburning during variousseasonsdid not
affect such movement in the Georgia Piedmont
(BrenderandCooper1968).Even 18 cm of rain in
Augustwith heavydownpoursfailedto initiateero-
sion. Similarly, Cushwa et al. (1971) failed to
detect soil movement in establishedgullies after
prescribedburning in the South Carolina Pied-
mont. Most studiesin the SoutheasternCoastal
Plain conclude that periodic fire (wild or
prescribed)has little impact~h soil physical pro-
perties that affect infiltration rates or erosion
(Suman and Halls 19S5, Metz et al. 1961,
Moehring et al. 1966, Ralstonand Hatchel 1971,
Stone1971, and Pritchett 1977).Largeporespace

maydecreaseandpercolationmayslowwith short
interval (1 to 2 years)burns,but erosionalconse-
quencesarenegligible.

MASS EROSION

Masserosion,thedownslopemovementof apor-
tion of the landscapeunder direct application of
gravitational forces, has beendocumentedas an
important postfire erosional phenomenonin
southernCalifornia,the PacificNorthwest,andthe
Intermountain West (Croft and Adams 19S0,
Sinclair andHamilton 19SS,JensenandCole196S,
Swanston1971,Rice 1974, andKlock and Helvey
1976a).This type of erosionhas causedlossof life,
destructionof roadsand buildings,lossof aquatic
habitats,andinundationof agricultural areas.For
example,debrisflows in northcentralWashington,
following wildfire, killed four peopleanddestroyed
several residences(Klock and Helvey 1976a).
Severalthousandcubic metersof debris wereesti-
matedto haveflowed from onewatershed.Jensen
andCole (196S)reportedthatan intensefire on 364
hectaresof steepslopesadjacentto thesouth fork
of the Salmon River in Idaho caused mass
landslide erosion that delivered 34,400 cubic
metersof debris directly to the river.

Causativemechanismsand processesof mass
erosionarecomplexandgenerallynotwell studied.
However, the principal elementsresponsiblefor
mass erosion in most areas are elimination of
stability provided by roots of vegetationand high
soil porewaterpressuresresultingfrom removalof
transpirationdraft (Swanston1971, Klock 1978).
Mass movementeither developsor is accelerated
during periodsof abnormally high rainfall and is
closely related to peakflows generatedby such
storms(Swanston1971).

In addition, soil nonwettability has beeniden-
tified asan importantcontributingfactor in debris
flows or floods in California (Rice1974,DeBanoet
al. 1977). Whereasthe formation of nonwettable
soilshas beenstudiedin detail, thegrosseffect on
thehydrologicprocessesof watershedshasnot. It is
known, for example,that the nonwettablelayer is
not continuousoveraburnedwatershed.However,
its relative continuity and the hydrologic effect
associatedwith this continuity is not known. It is
assumedthat this continuity is associatedwith in-
tensityof burn,but we havenotyet learnedhow to
characterizethis associationso that it can be ap-
plied in the field.
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Rice (1974) measuredlandslide volumesfrom
chaparralwatershedsthatwererecentlyburned(1
year), unburnedfor 9 years,and unburnedfor 50
years.Landslidevolumesfrom the watershedthat
was unburnedfor 9 yearsexceededthosefrom the
recently burnedwatershedby nearly 30 times.He
concludedthat the recentlyburnedwatershedwas
sparederosionbecausewater repellentlayerspre-
ventedinfiltration andtherootsof shrubswerestill
intact. Despite heavy vegetative cover, the
watershedthat was unburned for 50 years ex-
hibited greaterlandslide volume (1.6 times) than
therecentlyburnedwatershed.Riceattributedthis
to high infiltration rateson this watershed.

Masserosioneventsin California chaparralare
most commonly manifestedas debris floods or
debris flows. The debris hulking ratio (ratio of
volume of debris to volume of water) increases
from 2 to 15 timesfollowing fire (Roweet al. 1954,
Sinclair and Hamilton 1955). Increased debris
hulking ratio coupledwith increasedstorm runoff
is the principal causeof disastrousdebris floods
that occur in southernCalifornia.

Klock and Helvey (1976a)attributed an early
spring debrisflow from a burnedwatershedto ac-
celeratedmelting of arecord high snowpackby un-
seasonablywarm weather.The result was a mid-
slope“blowout” of a small pocketof soil violently

displacedby high pore water pressures.Material
from the blowout pluggedthe main channelof the
watershedthat moved “en masse” to the valley
floor after being overtoppedby thestream.Subse-
quent debris flows in late spring were causedby
high intensity rainfall and largeamountsof over-
land flow. Resultantsuddenhigh streamvolumes
coupledwith high channelresistanceencouraged
developmentof avery largewavecapableof carry-
ing massivequantitiesof soil, rocks,andtrees.

Anotherform of masserosiontermeddry creep
or dry ravel occurson steepslopeswith soils that
are high in coarsematerialsand low in cohesion.
Removal of protectivelitter by fire allows the soil
particlesto easily move downslopeunder the in-
fluence of gravity. In western Oregon,dry creep
following logging and slashburning ranged from
.008 to 1.34 cubicmetersperhectarefor a 2-year
periodfollowing disturbancesevereenoughto bare
55 percent of the soil (Mersereauand Dyrness
1972). No dry creep was observedon nearbyun-
disturbedslopes.Similar resultswerereportedfor
the SanGabrielMountainsin southernCalifornia.
Krammes (1963) measuredannual dry creep
averagingfrom 0.03 to 0.47metrictonsperhectare.
By theendof thethird yearafterthefire, dry creep
wasreducedto a rangeof 0.004to 2.06metrictons
perhectare,presumablyin responseto regrowthof
vegetation.
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DOWNSTREAMEE1~EC~

TOTAL DISCHAJIGE, PEAK
FLOWS, BASEFLOWS, AND

TIMING OF FLOW

Responsesof streamfiowto theintegratedeffects
discussedin the previous section are: increased
peakspring discharge,increasedtotal annualdis-
charge, greater stormflows, and increased
baseflow. In California, increasedstormflow and
baseflow are the principal dischargeresponsesto
fire.

In 1970,thefirst yearfollowing wildfire in north
centralWashington,Helvey (1973)and Helveyet
al. (1976) observeda 50 percentgreaterdischarge
from burned watershedsthan predicted values
basedon the calibration period. During the second
yearafter fire, snowaccumulationwas 150 percent

greaterthan normal. This, coupled with greater
autumnalsoil moisture(Klock andHelvey1976b),
resulted in dischargetwice as great as predicted
valuesbasedon prefire conditions.Dischargewas
also influenced, an unknown amount, by greater
than normal precipitation during 1971. Peakdis-
chargefrom onewatershedwasmorethan double
the maximum observedduring the 9-yearcalibra-
tion period (Helvey et al. 1976). Theseburned
watershedswereextremelysensitiveto individual
summerstormevents.Dischargeafterstormevents
showedincreasesof 150 to 200 liters per second.
Debrisflows resulting from unusuallyearlyspring
warming and high intensity summerrainfall were
describedin the previoussection.

Sinclair and Hamilton (1955) found that
stormflow increased threefold to fivefold on a
burnedCalifornia chaparralwatershedduring the
first rainy season~following fire. This same
watershedproducedpeakflowsthatwereup to four
orders of magnitude greater than the expected
peaksduring the first major storm of the season.
The increasein stormrunoffon burnedwatersheds
has also been reported by Rowe et al. (1954),
Brown (1972) andDavis (1977).

The Arizona chaparral,counterpartof Califor-
nia watersheds,is also highly responsiveto storm
events following fire. Stream dischargethe first
yearafter wildfire wasmorethan 10 timesgreater

(30.45 centimeters)than prior to fire (2.79 cen-
timeters)with comparabletotal annualprecipita-
tion. Intermittent streamfiowprior to fire became
continuous following fire except during an ex-
tremelydry year (Paseand Ingebo 1965).

Following wildfire in a ponderosa pine
ecosystemin Arizona, Campbellet al. (1977) ob-
served an eightfold increase in runoff from a
severely burned watershedcompared to an un-
burned watershed during heavy autumn rains.
Peakdischargeon aseverelyburnedwatershedas a
result of rainfall was 58 times greaterthan from
theunburnedcontrol duringthewettestOctoberon
record. Averageseasonalrunoff efficiency (ROE),
the ratio of runoff to precipitation, increasedfrom
0.8 percenton an unburnedwatershedto 3.6 per-
centon a severelyburnedwatershed.Comparedto
amoderatelyburnedwatershed,ROEon a severely
burnedwatershedwas375 percentgreaterduring
therainseasonand51 percentlessduring thesnow
season.Rainseasondifferenceswereattributedto
lower treebasalarea,reducedlitter cover,andhy-
drophobic soil that may have resulted in lower
evapotranspirationrates and more runoff from
severely burned than moderately burned
watersheds.Campbell et al. speculatedthat in
winter lower treebasal areaof a severelyburned
watershedenhanced ~‘aporation, resulting in less
runoff than from a more shaded, moderately
burnedwatershed.

In the second year following wildfire in
northeasternMinnesota, Wright (1976) reported
that annual runoff into lakes below a burned
watershedwas 60 percentgreaterthan for an un-
burned watershed.Although therewas no prefire
data to support the observed increases, the
watershedswere similar in geology, soils, and
vegetation. Comparisonswith runoff into other
lakes in unburnedwatershedssupportedhis con-
clusionthat fire resultedin increasedflow.

According to Andersonet al. (1976), the 1933
Tillamook burnin Oregon(partly burnedagainin
1939 and 1945)increasedtotal annualwater yield
of two large watersheds (366 to 407 square
kilometers)by 9 percentor 20 centimeters.Flow in-
creasedby 16 to 20 percentor 1.3to 1.8centimeters
from July through Septemberduring the first 16
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yearsafter the first fire. Peakannualdischargein-
creasedabout 45 percentthe first year after fire
comparedto a slightly burnedwatershed.The peak
annualdischargeincreasedeclinedto 10 percentby
the seventhor eighth years.

Crown fire in a ponderosapine andDouglas-fir
forest of Arizona increasedpeakflows by 5 to 15
times the first summer after fire (Rich 1962).
Peakflowscontinuedto be highthroughthesecond
summerbutwinter peakflowsdid notexceedthose
prior to fire.

Roweet al. (1954)reportedincreasesin peakdis-
chargethat variedfrom 2 to 45 timesnormal,de-
pendingon storm size, in the first year following
fire. Thetime requiredfor peakdischargeto return
to normal was from 30 to 70 years,dependingon
storm size and individual watershed charac-
teristics.

In additionto increasedstormflows,thereisalso
evidencethat fires increasemeanannualbaseflow,
but this is not well documented.Colman (1953)
reportedincreasesin flows during the dry season
from a burnedwatershed(Fish Canyon)in the San
Gabriel Mountains of California. Crouse (1961)
also reportedincreaseddry-seasonflows from two
burnedwatershedsin the SanDimas Experiemen-
tal Forest (Monroe Canyon and Bell II Canyon).
However,Crousenoted,that thesewatershedshad
been previously treated to induce higher dis-
charges,buthefelt that thefire of 1960hadmadea
significantcontributionto the increaseddry-season
flows.

Berndt (1971) observedimmediateincreasesin
baseflow ratesfollowing wildfire in north-central
Washington.In addition, removal of vegetation
alongstreamchannelsvirtually eliminateddiurnal
oscillationsof flow. Baseflowratespersistedabove
prefire levels through 1973.

Although no publications were found that
specifically emphasizedtiming of dischargeas a
study objective, earlier peakflowshave beenob-
served from burned watersheds(Helvey 1973).
Also, the initiation of the spring dischargeperiod
occurredearlier thanduring thecalibrationperiod
in Helvey’s study. He attributedearliersnowmelt
anddischargeto lower snowalbedocausedby dust
from blackenedtimber and increasedsurfaceex-
posurewith elimination of the overstory.

WATER QUALITY

Concernfor effectsof perturbationssuchasfire
on qualityof water fromwildlandswasmanifested

in Public Law 92-500,the 1972 amendmentsto the
FederalWaterPollutionControl Act, andthe 1976
National ForestManagementAct.

Section 208 of Public Law 92-500 specifically
mandatesidentification and control,to the extent
feasible, of nonpoint-sourcepollutants resulting
from silvicultural activities.PublicLaw 94-588,the
National Forest ManagementAct ‘also specifies
that land managementplansensureprotectionof
soil andwatershedresources.

SedimentandTurbidity

Sedimentand turbidity are the most dramatic
and importantwater quality responsesassociated
with fire. Both arealsopoorly documentedaspects
of fire-related watershed research, particularly
with respectto origin anddelivery rates.Sediment
and turbidity result from: overlandflow and ero-
sion; channel scouring becauseof increaseddis-
chargeand greaterstreamexploration area; dry
ravelandcreepaccumulationsin streamchannels;
and masserosion.

Rice (1974)identified the direct sourcesof sedi-
mentproducedfrom Harrow Canyon,California in
1969.Thiswatershedhadbeenburnedtheprevious
summer.Riceestimatedthat 74 percentof thesedi-
ment camedirectly from scourof residualsediment
in theHarrow Canyonchannel,another22 percent
camefrom rills andgullies, andvery small quan-
tities camefrom wind, dry ravel,and landslides.He
went on to point out that themajorsourcesof sedi-
ment producedfrom the Harrow Canyonchannel
originatedupslope,and estimatedthat landslides
originally contributed 54 percent and dry ravel
contributed 33 percentof the sediment.

Valuesshown in table 1 are indicationsof na-
tionwide variability of sediment delivery in
responseto fire. Documentationof thedirectcauses
of these levels and the great differencesamong
levelshasbeenachievedin only a few studies.

Documentationis particularlypoorfor turbidity
responsesto fire. Turbidity is a difficult parameter
to characterizebecauseit is highly transientand
extremelyvariable. In northernCalifornia, mean
annualturbidity for all typesof land is about 470
partsper million rangingto asgreatas2,000parts
per million (Andersonet al. 1976).They reported
that logging might increasethis rangeup to eight
times, but reported no results of fire-related
research in their review. Wright et al. (1976)
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Table 1.—Effectsof fire on sedimentdelivery

Sedimenttransport
Authors Habitat Location Treatment Pre-treatrnent Post-treatment

or control

kg . ha
1 . yr-I

DeByle Westernlarch, Western Clearcut, 01 168
and Douglas-fir Montana slash 02 150
Packer(1972) burned

Glendening Chapparral CentralArizona Wildfire 175 204,000
etal. (1961)

Wright Oak-juniper Texas Broadcast
at al. (1976) steepslopes burn .02 28

Biswell and Ponderosa California Understory 0~ 0
Schultz (1965) pine burn

Copley Southern North Prescribed 0 11,200
etal. (1944) woodland Carolina burn

Meginnis Oak-woodland Mississippi Harvest, 45 740

(1935) Annual
burning

Krammes Chaparral California Wildfire 5530 55,300
(1960)

Campbell Ponderosa NorthernArizona Wildfire 0-3 1-1254
etal. (1977) pine

lSnowmelt
2Summerstorms.
~Nosurfacerunoffand no erosionobserved,

studiedeffect of slopesteepnesson turbidity follow-
ing prescribedfire on dozedjuniper landsin central
Texas. On level slopes (1 to 4 percent),burning
causedno changein turbidity— levelsremainedat
12 JTU2. On moderateslopes(8 to 20 percent)tur-
bidity more than doubled (20 JTU for the control
comparedto 53 JTU for burnedwatersheds).On
steepslopes (37 to 61 percent),turbidity reached
132 JTU.

‘JTU refersto Jacksonturbidity units asdeterminedby the
nephelometricmethod.Thismethodusesa comparisonof inten-
sityof light scatteredby a sampleof waterrelativeto theinten-
sityof light scatteredby a standardreferencesuspensionunder
the sameconditions (Taraset al. 1971). Currentpreferredter-
minology is NTU (Nephelometric turbidity units) which is
equivalentto JTU.

StreamTemperature

Water temperaturehas beenshown to change
markedly regardlessof how shading is removed
(LevnoandRothacher1969,Andersonet al. 1976).
Levno andRothacher(1969)found thatmaximum
weekly water temperaturein a western Oregon
stream increased6.70 to 7.80 C in Junethrough
August,after logging andslashburning.They also
showedthat the variability of water temperature
following slashburning increasedmarkedly.

Helveyet al. (1976)measuredincreasesin mid-
summer stream temperaturesof up to 12.20C
following wildfire. Maximum water temperature
reached210 C. They also measuredthe changein
temperatureas a function of distance from the
water sourcearea,topographiceffects,andvegetal
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shading.At a site near the point where surface
water originated,temperaturefluctuated through
the narrow rangeof 5.8to 8.80 C. At a secondsite,
about1.5 kilometersfrom the sourcebelow a steep
gradient on a south aspect,stream temperature
fluctuated between3.4 and200 C. A third station
was in a deeplydissectedvalley wherethe stream
receivedconsiderabletopographicshading,aswell
assomeshadingfrom live trees;temperaturefluc-
tuatedbetween4.6 and 15.40C. The fourth station
wasbelow a streamreachthathadasteepgradient
and virtually no shading; steam temperature
rangedfrom 1 to 210 C. Helveyet al. (1976) con-
cluded that the increasedflow rateresulting from
reduced evapotranspirationplayed a secondary,
but compensatoryrole in streamtemperaturecon-
trol compared to shade reduction caused by
destructionof streamvegetationcover.

ChemicalQuality andNutrient Losses

Plant communitiesaccumulateand cycle subs-
tantial quantitiesof nutrients in their role as the
biological continuumlinking soil, water, and at-
mosphere.Nutrients are cycled in an orderly and
predictablemannerunlesssomenaturalor people-
causeddisturbancealtersthe form or distribution
of nutrients. Fire exertsprofound effects on the
nutrientstatusof plant communitiesmanifestedin
a rapid mineralization and dispersion of plant
nutrients from an intrabiotic to an extrabiotic
state. Part of the plant-and litter-incorporated
N,P,K,Ca,Mg,Cu,Fe,Mn,and Zn are volatilized
andmaybeevacuatedfrom the system(Allen 1964,
DeBell andRalston1970, EvansandAllen 1971).
Metallic nutrient elementssuch as Ca,Mg, and K
areconvertedto oxidesanddepositedasashon the
soil surface.The oxidesare low in solubility until
they react with CO2 and H20 of the atmosphere
and are converted to bicarbonatesalts. In this
form, they are substantially more soluble and
vulnerableto lossvia surfacerunoff and leaching
than as oxidesor incorporatedin plant tissuesand
litter. Reducedplant cover in thepostfiresituation
increaseserosionsusceptibilityof nutrients.Sever-
ing soil-plant cycling mechanismsreducesuptake
opportunityfor nutrientsandfurther increasesthe
potential for nutrient lossby leaching.

Above normalmovementof nutrientsto streams
via surfaceerosionand leachinghasthepotential
for impairingqualityof surfacewaterfor municipal
purposes, causing eutrophication of aquatic
habitats,and lowering siteproductivity.

BicarbonateResponsesto Fire

Thereis generalagreementamongstudiesthat
bicarbonatein soil solutionand instreamfiowis in-
creasedas a consequenceof burning (Grier and
Cole 1971, Fredriksen 1971, DeByle and Packer
1972, Snyderet al. 1975, Longstreth and Patten
1975,Kimmins andFeller 1976,Tiedemannet al.
1978). McColl and Cole (1968) showed that the
bicarbonateion is the principal anion in the soil
solution. Bicarbonateis an end product of root
respirationin an undisturbedforestand is a prod-
uct of oxideconversionfollowing fire. Concomitant
fluctuations of bicarbonateand cation concentra-
tions indicatethatbicarbonateis theprincipal car-
rier of cationsin thesoil solution.

Nitrogen Responses

Nitrate-N (N03-N),ammonium-N(NH4-N), and
organic-N(0-N) (measuredasKjeldahl-N) are the
nitrogenforms mostcommonlystudiedas indica-
tors of effectsof disturbanceor land management
activity on water quality. Nitrate-N has been
emphasizedbecauseit is one of the most mobile
ions in soil-water systems,has a recommended
standardof 10 milligrams perliter maximum of N
as nitrate (Environmental Protection Agency
1973),and is oneof two forms of N usedby plants.

Nitrogen concentrationsare normally at very
low levels in streams from undisturbed areas.
Reportedvaluesof N03-N rangedfrom lessthan
0.01 milligrams per liter (Fredriksen 1971,
Tiedemann 1973, Helvey et al. 1976) to 1.2
milligrams per liter (Brown et al. 1973).

Responseof nitrogento burningwasquitevaried
among studies. Lotspeich et al. (1970), Wright
(1976), and McColl and Grigal (1977) found no
changein surfacewater (streamor lake) levelsof
nitrate- or organic (Kjeldahl)-N. However, in
severalstudies,nitrate-N wasshownto increasein
eithersoil solution (Viro 1974,Knighton 1977)or
in streamfiow following fire (Fredriksen 1971,
Brown et al. 1973, Tiedemann1973, Longstreth
andPatten1975,Kimmins andFeller 1976,Helvey
et al. 1976,Tiedemannet al. 1978).Although strik-
ing increasesin maximum N03-N levels were ob-
served following fire, none exceededthe recom-
mendedEnvironmentalProtectionAgency (1973)
level of 10 milligrams perliter.

Maximum reportedlevelsof N03-N in response
to fire ranged from 0.43 milligrams per liter
(Fredriksen 1971) to 7.6 milligrams per liter
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Table2.—Effectsof fire andselectedtreatmentson maximumN03-Nconcentrationin streamflow

Author Habitat Location Treatment Pre-treatment
Maximum N03-N

Post-treatment
or control

Brown etal.
(1973)

Fredriksen
(1971)

Likensetal.’
(1970)

Hibbert et al.
(1974)

Hetherington
(1976)

WesternOregon

WesternOregon

Northern
New Hampshire

CentralArizona

EasternB.C.,
Canada

Johnsonand
Needham(1966)

Tiedemannet al.
(1978)

Tiedemannet al.
(1978)

Hoffman and
Ferreira
(1976)

Longstreth
and Patten
(1975)

White-fir,
Ponderosapine

Douglas-fir,
Pinegrass

Douglas-fir,
Pinegrass

Mixed conifer
shrub

Chaparral

Central
California

Eastern
Washington

Eastern
Washington

Central
Sierra
Nevadas

CentralArizona

Westernwhite
pine,
Westernred
cedar

Northern Idaho

‘Value expressedis for nitrate, not nitrate-N.

(Snyderet al. 1975) (table 2). Nitrate-N increases
in streamsappearto be a resultof accelerationof
the nitrification processin the soil in responseto
more favorable pH and increased content of

electrolytes (mainly Ca) (Rode 1955). Nitrate
moves with moisture through the soil profile to
streams.

0.7
mg/liter

2.1Douglas-fir,
Redalder

Douglas-fir

Eastern
deciduous
forest

Chaparral

Engleman
spruce,
Subalpine
fir

Clearcut,
slashburned

Clearcut,
slashburned

Clearcut,
herbicide
treatment

Herbicide
treatment

Clearcut

0.1

2.5

.2

.43

82.0

56.0

.02 0.4

.01 .01

.02 .6

.02

Wildfire

Wildfire

Wildfire,
nitrogen
fertilization

Wildfire

Wildfire 1959,
maintainedin
grasscover

1.5

.06

Snyderet al.
(1975)

.3

.1 2.0

Clearcut
burned

0.8 7.6
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Ammonium-N levels in stream water were
reportedin threestudies.Fredriksen(1971)found
increasedlevels of NH4-N only within the first 2
weeksfollowing a slash fire. Maximum levelsex-
ceededrecommendedlimits of 0.5 milligrams per
liter by more than 10 times. Tiedemann(1973)
found no changein streamlevelsof NH4 -N follow-
ing wildfire but samplingwasnot initiated in this
study until 6 weeks after fire. Hoffman and Fer-
reira (1976) noted increasedNH4-N in stream
water immediately below a burned area (0.1
milligrams per liter) comparedto a site abovethe
burn (0.03 milligrams per liter).

Organic-N(0-N) also increasedin responseto
burning (Hoffman and Ferreira1976, Tiedemann
1973, Helveyet al. 1976, Tiedemannet al. 1978).
Concentrationsof 0-N in streamsfrom burned
areasweregenerallyfound to be aboutdoublethe
levelsprior to fire or in streamsfrom undisturbed
areas.Displacementof organic detritus from the
stream area becauseof increasedflow and in-
creasedstreamsourceareawas probablythe pri-
mary reasonfor increased0-N (Tiedemannet al.
1978).

Increasedflow and increasedconcentrationsof
nitrogen in streamfiow from burned areas has

resulted in acceleratedloss of nitrogen. Fre-
deriksen(1971), estimatesthat combinedsolution
lossof NH4-N andN03-Nthe first yearafter slash
burning was 2.2. kilograms per hectareper year
comparedto pre-treatmentloss qf 0.06 kilograms
per hectareperyear (table 3). Brown et al. (1973)
found that N03-N lossesincreasedfrom pre-treat-
ment levelsof 3.2 to 5.5 kilogramsperhectareper
year to more than 16 kilograms per hectareper
year. They concludedthat these lossesposed no
threat to continued site productivity. Losses of
N0,-N increasedfrom 0.5 kilograms per hectare
peryear to 5.1 kilograms perhectareperyear in a
studyof clearcuttingand slashburning in western
Canada(Kimmins and Feller 1976).Most studies
did not place lossesin perspectiveto total site
capitals.Streamsdraining the burnedwatersheds
of the Entiat ExperimentalForestin Washington
transportednearly7 kilogramsperhectareof N in
5 years(Tiedemannet al. 1978).This wasapprox-
imately 0.5 percentof thetotal N capitalof the up-
per 36 centimetersof soil of the watersheds,but

Table 3.—Effectsoffire and selectedtreatmentson solution transportof nitrogen

Authors Habitat Location Treat-
ment

Solution transportof
nitrogen

Pre-treatment Post-treatment
or control

kg . ha-’ . yr~i

Brown et al.
(1973)

Douglas-fir,
Redalder

Western
Oregon

Clearcut,
slash burned

5.0 16.0

Fredriksen
(1971)

Douglas-fir Western
Oregon

Clearcut,
slash burned

.03 2.1

Likensetal.
(1970)

Eastern
deciduous
forest

Northern
New Hampshire

Clearcut,
herbicide
treated

3 147

Kimmins and
Feller
(1976)

Western
Hemlock,
Douglas-fir

Western
B.C., Canada

Clearcut + 1.9 5.1

Tiedemannetal.
(1978)

Douglas-fir,
Pinegrass

Eastern
Washington

Wildfire < .01 3.0

Tiedemannetal.
(1978)

Douglas-fir,
Pinegrass

Eastern
Washington

Wildfire,
nitrogen
fertilization

< .01 4.1
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likely representsa somewhathigher percentageof
the availableN capital.

PhosphorousResponses

Phosphorusin soil solution,streamwaters,and
lakes is present mainly in two forms—ortho
phosphate(inorganic) and organicphosphateas
measuredby the differencebetweentotal phosph-
ate-Pandortho-phosphateP. In moststudies,total
phosphate-Pis reported as total P(T-P). Even
thoughphosphate-Pis an anion,it is notas readily
leached as N03-N becauseit complexesreadily
with organiccompoundsin the soil (Black 1968).
Interest in phosphorushas been spurred by
knowledgeof its eutrophyingeffectsin areaswhere
large quantities emanatefrom sewagetreatment
plantsasa result of high phosphatedetergents.

Somestudiesof soil leachatesshowedincreased
levels of total P after burning, indicating acceler-
ated mobilization of P (Smith 1970, McColl and
Grigal 1975, Knighton 1977).

DeByle and Packer (1972) reported increased
mobilization of T-P in runoff from clearcutand
burned areas. McColl and Grigal (1975) and
Gifford et al. (1976) found that T-P increasedin
overland flow from burned areas. However, in-
creaseswerenotsufficientto alterqualityof stream
or lake water. Stark (1977) found increasedcon-
centrationsof T-P in soil water from 0 to 55 cen-
timeterswith hot burns (>300~ C at the soil sur-
face)comparedto light burns(200 to 3000 C). She
concludedthat these patternsof elementalcon-
centrationswererelatedto the quality of ash pro-
duced,which was a function of burn intensity.

Grier andCole(1971), in contrast,foundthat T-
P concentrationswere highest in leachatesof a
lightly burned plot (410 C at 2.5 centimeterssoil
depth)and lowest in a heavily burnedtreatment
(84~ C at 2.5 centimeters soil depth). Several
watershed studies (Lotspeich et al. 1970,
Fredriksen1971,Brown etal.1973,Longstrethand
Patten 1975, McColl and Grigal 1975, Kimmins
and Feller 1976,Wright 1976)haveshownthat fire
doesnot affect streamwater P04-Plevels.In con-
trast to results of thesestudies,Tiedemannet al.
(1978) found that T-P levels in streams from
burnedwatershedwere2 to 3 timesgreaterthan in
a streamfrom an unburnedwatershed.Lotspeich
(1972) found a temporary increasein T-P in a
streamin Alaskaastheresult of the useof 228,000
liters of fire retardant.

Phosphorustransportin solutionwasnot large
for any of the studieswherethis wasdetermined.

Fredriksen(1971)reportedan increasein solution
loss from 0.13 to 0.49 kilograms per hectareper
year following burning. Wright found increased
transport of P in runoff from 1.5 milligrams per
squaremeterperyear to 3.6 milligrams persquare
meterperyear (0.015 to 0.036kilograms per hec-
tare per year) following wildfire in Minnesota.
Tiedemannet al. (1978)did notmeasureprefire or
first and secondyear T-P lossesbut during the
third to fifth yearafter wildfire, lossesrangedfrom
0.06 to 0.15 kilogramsperhectareperyear.Theac-
cumulatedlossrepresented0.01 percentof the site
nutrient capital for P.

Cation Responses

Cationsareperhapsthebeststudiedof chemical
water quality constituents.As pointed out earlier,
fire substantiallyaltersthe form and distribution
of cations,placing themin avulnerablepositionfor
removal by runoff and leaching.

Responsesof cationsto fire are difficult to in-
terpret because of differing amounts of plant
biomassandlitter, differentialfire intensity,theex-
changecapacityof humusand soil, and moisture
flux and timing. All studiesof soil solutions and
surfacerunoff following fire indicated increased
levelsof cationssuch as Ca, Mg, K, Na, and Mn
(Smith 1970, Grier and Cole 1971, DeByle and
Packer 1972, Lewis 1974, Gifford et al. 1976,
Knighton 1977,and Stark 1977).

From the standpointof streamwater quality
andsiteproductivity, thesestudiesdid not indicate
the potential for movementof cationsthroughthe
soil profile to ground water and eventually to
streamand lake systems.However, Grier (1975),
demonstratedthat an intensefire in centralWash-
ington producedan averageash weight of 2,900
kilogramsperhectare.Theashlayercontained314
kilogramsperhectareof Ca, 54 kilogramsperhec-
tare of Mg, 70 kilograms perhectareof K, and 22
kilograms perhectareof Na.

Leachingof the ash layer in the first year after
burning transferred 149 kilograms per hectareof
Ca, 50 kilograms perhectareof Mg, 92 kilograms
per hectareof K, and 33 kilogramsperhectareof
Na from the ash layer to the soil. Of the amounts
leachedfrom the ash,134 kilogramsperhectareof
Ca, 48 kilograms per hectare of Mg, and 84
kilograms per hectareof K were retained in the
0- to 19-centimeterlayerof soil. In the sameinter-
val a net lossof 29 kilogramsperhectareof Na was
observedfrom the 0- to 19-centimeterlayerof soil.
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Cation leachingfrom ash layerswas primarily
related to water percolation through the ash.
Grier’s results indicated that in this particular
case,thesoil systemmaintaineda highdegreeof re-
tentive powerfor cations.

Stark (1977)demonstrateda differencein cation
loss from soils betweenhotburns (>3000 C at the
soil surface)andcoolerburns(200 to 3000 C). Net
lossesof Ca andMg occurredbelow the root zone
when soil surfacetemperaturesexceeded300~ C.
Iron, in contrast,declinedin leachatesas fire tem-

peratureincreased.Responseof iron may thusbe a
good indicator of effects of fire on soil cations.
Stark observedthat lossesof Ca werebalancedby
inputs from precipitation in the absenceof fire.
Coolerburnscausedno transportof ions out of the
rooting zonecomparedto control plots.

Using a biological life equationfor calculating
the time a soil can continueto provide adequate
levelsof nutrientsfor plantgrowth, Stark specul-
ated that chemically fragile soils might not with-
standrepeatedburningat temperaturesin excessof
3000 C becauseof mobilization of Ca andMg and
transportout of the soil profile.

DeByle and Packer (1972) studied plant
nutrientconcentrationsandlossesin overlandflow
and sediment from burned forest clearcuts in

larch/Douglas-firforest habitatsof westernMon-
tana using small runoff plots. Concentrationsof
Ca,Mg, andNa in surfacerunoffweregreaterthan
baselinelevels for the first andsecondyearsafter
fire. Although combinedlossesof Ca,Mg, Na, and
K on sedimentand in solution from burned plots
weregreatly increasedcomparedto controls,they
concludedthat losseswerean insignificant propor-
tion of theavailablesoil capital of thosenutrients.

Watershedstudiesprovide an integratedview
of the effectsof fire on cation concentrationsand
losses.JohnsonandNeedham(1966)conductedthe
first watershedstudyof effectsof fire on chemical
water quality. They found no pronouncedeffect of
fire on ionic composition and concludedthat in-
creasedrunoff resulting from transpirationreduc-
tion maskedconcentrationeffects (table 4). Stot-
tlemeyerand Ralston (1968), Tiedemann(1973),
Synder (1976), Helvey et al. (1976), and
Tiedemannet al. (1978)observedthat concentra-
tion of major cationswasinverselyproportionalto
flow. McColl andGrigal (1977), in contrast,found
significantly increasedconcentrationsof K that
were attributed to an interactionof fire and soils
derivedfrom lacustrineglacial sediments.Snyder
et al. (1975), in contrast to the other results of
Snyder(1976),observedthat K, Ca, and Mg were

Table4.—Effectsof/ire andselectedtreatmentson concentrationofmajorcations(Ca,Mg, Na,andK) in
streamflow

Authors

Fredriksen
(1971)

Habitat Location Treatment

Cation concentration

Pre-treatment Post-treatment
or control

Douglas-fir WesternOregon Clearcut,
slashburned

5.9
mg/liter

10.7

DeByleand
Packer
(1972)

Western
larch,
Douglas-fir

Western Montana Clearcut,
slash burned

218.0 130.0

Tiedemannetal.
(1978)

Douglas-fir,
pinegrass

Eastern
Washington

Wildfire, nitrogen
fertilization

13.0 9.0

Likenset al.
(1970)

Eastern
deciduous
forest

Northern
New Hampshire

Clearcut,
herbicide
treatment

3.2 13.6

Synderetal.
(1975)

Westernwhite
pine, western
red cedar

Northern Idaho Clearcut,
slash
burned

7.4 13.2

Longstreth
and Patten
(1975)

Oak
chaparral

Central
Arizona

Wildfire
maintained
in grasscover

66.0 51.0
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Table5.—Effectsof/ire andselectedtreatmentson solution loss0/majorcations(Ca, Mg, Na,andK) in
streamflow

Authors

Fredriksen
(1971)

Habitat Location Treatment

Solution transportof cation

Pre-treatment Post-treatment
or control

Douglas-fir WesternOregon Clearcut,
slash burned

kg . ho-’ . yr
1

46 133

DeByle and
Packer(1972)

Western
Larch,
Douglas-fir

WesternMontana Clearcut,
broadcast,
slashburned

1.5 8.2

Tiedemann
etal. (1978)

Doublas-fir,
pinegrass

Eastern
Washington

Wildfire 15 63

Likens
etal. (1970)

Eastern
deciduous
forest

Northern
New Hampshire

Clearcut,
herbicide
treated

27 168

Kimmins and
Feller (1976)

Western
hemlock,
Douglas-fir

WesternB.C.,
Canada

Clearcut,
calcium only

23’ 140

DeBanoand
Conrad(1978)

Chaparral Southern
California

Prescribed
fire

02 34

‘Calcium valuesonly were reported.
2Trace.

higher in streamwater at a burnedsite than at a
point abovetheburn (table4). Below theburn,and
after passagethroughabuffer strip, therewereonly
slight differencesin Ca and Mg comparedto the
streamlocationabovethe burn.Maxima andmean
concentrationsof Ca, Mg, andK increasedfollow-
ing slash burning in western Oregon (Fredriksen
1971). Similarly, Ca and K concentrationsin-
creasedafterburning in chaparral(Longstrethand
Patten1975).

From the variability of responsesexhibited by
cationsamong the various studies,it is apparent
that we presentlyhave insufficient information to
adequatelypredict effect of fire on concentrations
of cationsin streamfiow.

Solution lossesof cations were substantially
greaterthan thoseof N or P. Wright (1976) noted
that K lossesincreasedby 263 percentfollowing
fire in Minnesota.Fredriksen(1971)foundthat an-
nual lossesof the four major cationsmore than
doubledthefirst yearfollowing fire (from 56 to 133
kilograms per hectarefor a control and burned
area,respectively)(table 5).

In streamsfrom the burned Entiat Experimen-
tal Forestin Washington,cation lossesdoubledbe-
tween the first and secondyears after fire—31.9

comparedto 61.1 kilogramsper hectareperyear.
Tiedemannet al. (1978) found that this increase
was larger than the comparisonof prefire losses
with first year losses (19.3 to 31.9 kilograms per
hectareper year) (Tiedemannand Helvey 1973).
Greaterflux of moisture in the secondyear after
fire was primarily responsiblefor increasedloss.
The cumulative solution loss of 5 postfire years
comprised17,13, 4, and39 percentof the available
capitalsof Ca, Mg, K, and Na respectivelyin the
upper36 centimetersof soil. Immediateand long-
term site productivity effectsof these losseswere
not determined.

SedimentLossesof Nutrients

Lossof nutrientsattachedto sedimentandasan
integralpart of sedimentis receivingincreasedat-
tention becausesedimentis still the major non-
point-sourcepollutant problemon wildlands.Con-
cern focuses on effects of nutrients on aquatic
habitatsand the consequencesof lossesto upslope
siteproductivity.

Frederiksen(1971)computedlossesof nutrients
on sedimentand in suspendedorganicmaterial(ta-
ble 6). Sedimentlossesof nutrients from burned
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Table 6.—Sedimenttransportof nitrogenfrom loggedand burnedwatersheds

Authors Habitat Location

Fredriksen Douglas-fir WesternOregon
(1971)

Treatment

Total N lost

Pre-treatment Post-
or control treatment

Clearcut,
slashburned

kg . ha-’ . yr
1

.16 3.8

DeByleand Western WesternMontana
Packer(1972) larch,

Douglas-fir

Clearcut,
slashburned

0 9.5

DeBanoand Chaparral Southern
Conrad (1978) California

‘Trace.

Prescribed
fire

0’ 15.1

Table 7.—Sedimenttransportof cationsafter fire

Authors Habitat Location

Brown et al. Douglas-fir WesternOregon
(1973)

Treatment

Cation’ transport

Pre-treatment Post-treatment
or control

Clearcut,
slashburned

kg . ha’ . yr’
.3 5.6

DeByleand Douglas-fir WesternMontana
Packer(1972)

Clearcut,
slashburned

0 37

Debanoand Chaparral Southern
Conrad(1978) California

Prescribedfire 02 131

‘Ca, Mg, Na, and K.
2Trace.

areasincreasedstrikingly thefirst andsecondyears
after burningcomparedto controlsbutwerein the
sameorder of magnitudeas solution lossesfor N
andmuch lower than solution lossesfor major ca-
tions.DeByle and Packer(1972)reportedsolution
andsolution-plus-sedimentlossesof nutrientsafter
logging and burning in western Montana. They
found thatsedimentwastheprimarysourceof loss
for P, Ca,Mg, andK (tables5 and 7) whereasNa
lossesweremostly in solution.

In California chaparral,DeBano and Conrad
(1978) found that sedimentlossesof N, P, and ca-
tions after wildfire substantiallyexceededthose
lost in solution (tables5, 6, and 7). For N and P,
sedimentlosseswere 15.1 and 3.4 kilograms per
hectarecontrastedto only traceamountsof solu-
tion loss.Lossof Ca,Mg, Na,andK in solution was
aboutone-fourthof the loss on sediment(tablesS
and 7). However, sedimentand solution lossesof
nutrientscomprisedonly a minorproportion(0.7to
8 percent)of the total prefire nutrient capital of
plants, litter, and upper10 cm of soil for N, P, K,
Mg, Ca,and Na.

AQUATIC HABITAT
RESPONSES

We are accumulatingan adequatedatabaseof
effects of fire on nutrients and stream water
chemistrybut attendantresponsesat the stream
level havenot beenwell studied.Lotspeichet al.
(1970)studiedstreammacroinvertebrateresponses
to wildfire in Alaska.They concludedthat changes
in thechemicalmakeupofthewaterwerebelowthe
magnitudeto exertan impacton theaquaticorgan-
ismsthey studied.

Hoffman and Ferreira (1976) examined
periphyticalgaeaboveandbelow burnedsitesand
foundessentiallyno differencein thesimilarity in-
dex,indicatingthat water qualitychangesdid not
exert any measurableeffect on algae growth.The
sameresultswereobtainedfor benthicmacroinver-
tebrates.Wood (1977)wasunableto demonstrate
anysignificant changesin speciesdiversity or num-
bers of aquaticmacroinvertebrateswhen streams
wereexposedto clearcuttingand slashburning.
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Forthmanfollowed changesin water chemistry
for 28 hoursafterprescribedburningin a 3-in stand
of sawgrassstanding in 30 centimetersof water.2
Fuel consumptionaveraged14.96 metric tons per
hectareandresultedin immediatestatisticallysig-
nificant increasesin concentrationsof P0

4-P(0.01
to 0.83 milligrams per liter) and K (2.8 to 4.3
milligrams per liter). Nitrate-N increasedslightly

from 0.03 to 0.06milligrams perliter. There were
significantincreasesin P04-Pconcentrationsatthe
control siteswithin the next 6 hours,which sheat-
tributed to the depositionof ash from the smoke
plume.All concentrationson all siteshadreturned
to preburnlevelswithin 28 hoursafterthefire.This
rapiddecreasesuggestedthatdirectuptakeof these
nutrientsby micro-organismsmight be responsible.

Yatesconcludedthat the increasedperiphyton
production she documentedafter a sawgrass
(CladiumjamaicenseCrantz)fire wasdueto thein-
creasedamountof sunlightreachingthe watersur-
face.

3 Wood and Maynard (1974) monitored
Evergladesmicroalgaeat several sitesover a 3-

yearperiod.One site was establishedimmediately
after a dry seasonfire in sawgrasson marl soil. The
algal mat was badly scorchedand appearedcom-
pletely desiccated,but laboratory culturesproved
manyof the microalgaewerestill viable.Regenera-
tion of the algal matsand periphytonon the area
beganassoonassufficientmoisturewasavailable.
After 6 months, both the diversity and biomass
becamedependentupon water levels.A total of 52
speciesof diatomswere recordedin the 7-month
period following thefire whichcomparedfavorably
with the unburned sites (Wood and Maynard
1974).

StewardandOrnes(1975a)enricheda sawgrass
communitywith 22 weeklyadditionsof a distilled
water solution of NaH

2PO4. Dense continuous
algal blooms beganthe fourth week. As the algal
growth rateleveled off 3 weekslater, dissolvedP
beganto increasein the water samples.Sawgrass
beganaccumulatingP the fourth weekbut growth
rates never increased, indicating that this P
assimilation was simply luxury consumption.
Theseinvestigatorsalso reporteddynamicshifts in
phytoplankton genera and the disappearanceof

2Forthman,Carol Ann. 1973. Theeffectsof prescribedburn-
ing on sawgrass(CladiomjamoicenseCrantz)in south Florida.
M.S. Thesis,Univ. of Miami, Coral Gables,Fla. 70 p. illus.

‘Yates, SA. 1974. An autecological study of sawgrass,

CladiumjamoicenseCrantz,in southernFlorida. M.A. Thesis,
Univ. of Miami, Coral Gables,Fla. 117 p. illus.

two aquaticmacrophytes,presumablybecausethe
algal blooms decreasedthe sunlight penetrating
the water. Although fire would result in a single
doseratherthan weeklyadditions,it is conceivable
thatorganicsoil firescouldresultin thereleaseof a
comparable total amount. Although not often
documented,dense algal blooms have been ob-
servedafter severewildfires in the Everglades.In
fact, in the courseof the abovestudyby Steward
andOrnes(1975b),manyof their controlplotswere
destroyedby a dry seasonwildfire. Changesin
algal speciesor growth rateswerenot mentioned
buttheyreportedthat 2 monthsafterfire, sawgrass
regrowthhad accumulatedlargeamountsof both
phosphorousand potassium. Sawgrasswas well
adapted to withstand fire becauseit rapidly
developedrhizomesandoutcompetedotherspecies
that were intolerantof shade.

In thewarm shallow watersof Florida, aquatic
habitatresponsesassumemajor importance.Here
millions of acresof organicsoil supportmarshand
swamp ecosystemsthat cycle between flood and
drought conditions. During the annual 6 to 7
month south Florida dry season,the water table
often dropsbelow ground level in the Everglades,
allowing the organicsoilsto dry to the pointwhere
they becomecombustible.Fires during prolonged
droughtscanconsumepeaton muck layersseveral
feet thick, releasingstorednutrients in amatterof
days.Thesefire-createddepressionswill fill with
water the next rainy season.Thereafter,they not
only providedry seasonfeedingsites for birdsand
animals,but they becomerefugia for many aquatic
speciesandact asrecolonizationcenterswhen the
region floods again (Robertson 1953, Loveless
1959).

Very little is known concerningfire-algaerela-
tionships and their significancein south Florida.
However,periphyton probablyis a significantpri-
mary producer and important link in the food
chain as well as being the sourceof the calcitic
mud, which is the secondmostabundantsediment
in the Everglades(Gleasonand Spackman1974).

Algal blooms following wildfire occur in other
areasof theSouthaswell. Odum et al. (1975)docu-
mentedthe aftermath of an organic soil fire in a
north Florida cypressstand. Soon after surface
water returned, a floating algal mat appeared
followed by a thick cover of duckweed. Oxygen
level droppedto near zero in the water. Nitrogen
also became depleted, possibly becauseof
denitrification by microbesin the anaerobicwater
andbecauseof uptakeby the duckweedgrowth.
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Intrusion of salt water into fresh water areas
where creek or river embankmentshave been
burnedthroughhasbeendocumentedasan impor-

tanteffect of fire in the lower Everglades.Existing
vegetationis killed and halophytic speciespre-
dominate.
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RESEARCH NEEDS AND PRIORITIES

An assessmentof researchneedsandpriorities is
outlinedin table 8. To avoid duplicationof effort,
the work group determinedresearchneeds and
priorities for downstreameffects before those for
onsite effects. Downstream needs and priorities
werethenusedto indicate importanceof studying
individual onsitehydrologic responsesto fire. For
example,wateryield asadownstreameffectof fire
haslow priority for research,primarily becauseof
our current level of knowledgeand confidencein
our ability to relate what is known to fire situa-
tions. Thus, for onsiteeffects, evapotranspiration,
one of the principal parametersof water yield,
assumedlow priority.

It was the consensusof the work group that a
separation be made for effects of wildfire and
effectsof prescribedfire. Prescribedfire plans nor-
mally includeprotectionof the water resourceand
the aquatichabitat; therefore,theeffectson water
would be expectedto be generallyof lower mag-
nitude than with wildfire.

It wasalso theconsensusof thework groupthat
wildfire effects should be considered separately
from thoseresulting from wildfire suppressionand
rehabilitation activities.Suppressionactivities are
sometimes conducted with little concern for
watershed stability, water quality, or aquatic
habitatconsequences.In somecases,damagefrom
suppressionactivities may exceedthoseresulting
from fire itself.

Rehabilitation is addressedas a separateand
moderating influence of fire, although some ac-
tivities such as fertilizationhavea potential for ex-
erting adversewater qualityconsequences.

Prioritiesare a subjectiveassessmentbasedon:
current level of knowledge,confidencewith which
current knowledgecan be extrapolatedto a wide
rangeof biogeographicalsettings,and the needto
know—howimportantwasthe information to cur-
rent and long-rangeobjectivesof theresearchand
wildland managementcommunities?

DOWNSTREAM EFFECTS
Water yield (low priority)—The range of

effects is generally known for most areas of the

United States.Thus,it shouldbepossibleto predict
consequencesof fire with reasonableaccuracy.
Alaskais an exception,sincevery little information
existson water yield responses,and it is not likely
that information from other parts of the United
Statescould be applied; therefore,the priority in
Alaska is probablymoderateor high.

Timing (low priority)—Capability for ex-
trapolation from existing information should be
good. It should be recognized,however,that data
may not be exactly applicableto prescribedfire.

Peakflows (high priority)—Effects of fire,
particularly prescribedfire, are very likely to be
different from effects of timber harvest.There is
substantialinformation for wildfire; therefore,the
priority would be moderate.An urgentneedexists
for information on effects of suppressionactivities
and effectivenessof rehabilitation prescriptionsin
reducingpeakflows.

Chemistry (low to moderate priority)—
Effectsof wildfire and sometypesof prescribedfire
on stream chemistry are becoming adequately
documented. An exception is the Northeastern
United Stateswhere chemical water quality per-
sists as a major problem.Chemicalwater quality
may also be of higher priority in the Southeastern
United States.Wildfire suppressionis ratedat low
priority becausethis activity does not normally
affect enougharea to causechangesin chemical
loading of streams.However,theremay,be a need
to know more about effects of suppressionretar-
dantson water chemistry.

Temperature(low to moderate priority)—
Temperaturechangesin responseto stream ex-
posurecan presentlybe predictedwith reasonable
accuracy.However, effects of fire, and especially
wildfire, may be more extreme than logging—
resulting in the moderatepriority rating for
wildfire. The priority for prescribedfire is low
becausetheriparian areaandaquaticenvironment
arenormally protected.

Channelconditions (high priority)—Effects
of fire on channel conditions are poorly docu-
mented.Knowledgeofthis aspectof fire is essential
for understandingof effectsof fire on sedimentand
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Table8.—Research needs andpriorities1

Physical Hydrology

DownstreamEffects

Prescribed
fire

Wildfire Suppression Rehabilitation

Wateryield L L L L

Timing L L L L

Peakflow H M H H

Water Quality

Sediment H H H H

Chemistry
(nutrients) M M L M

Temperature L M L L

Channel conditions

Hydrologicprocess

H H H H

OnsiteEffects

Infiltration
(overlandflow) H H H H

Evapotranspiration L L L M

Soil waterstorage H H H H

Snowaccumulation
andmelt M M L L

Soil erosionand
deposition (sheet,
creep,nIl, gully) H H H H

Land slides H H H H

Permafrost H H H H

Nutrient cycling2

‘H~High, M=Moderate,and L=Low.
2Prioritiesnot established(seeEffects of Fire on Soil, GTR WO-7).

the aquatichabitat. Little is known of effectsof
suppressionactivities or effectivenessof rehabilita-
tion procedures.

ONSITE

Infiltration (high priority)—Infiltration is an
important determinantof overland flow, erosion,
channelcondition, masserosion,and sedimentin

streams.It is an elementfor which we needcom-
monality among studieswith respect to specific
parametersto measure.

Evapotranspiration, including interception
(low to moderate priority).—Reasonably ade-
quate documentation exists from watershed
studies. However, there is a need to know more
about evapotranspiration responses to fire con-
sumptionof mosslayersin black spruceforests of
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Alaska and evapotranspirationresponsesto burn- effectiveness of rehabilitation measuresfor
ing sawgrassover water in the SouthernUnited
States.

Soil water storage (high priority)—Soil
water storageis oneof the critical elementsof sur-
face andmasserosionresponsesto fire.

Snow accumulation and melt (low to
moderatepriority)—Substantialinformationex-
ists estimatingmagnitudeof effect for theseproc-
essesfrom forestharvest.Applicationof existingin-
formation to the fire situation should be reliable.
An exception may be the western Cascadesof
Oregonwhererain on snow eventsarea principal
sourceof erosion.

Soil erosion (high priority)—Erosion is the
contributor to sediment degradation of water
quality and is a mechanismfor loss of nutrients
from wildland sites. Little information exists on
effectsof fire on theactualerosionprocessandcon-
tributory factors. Information is also sparsefor
effects of suppressionactivities on erosion and

amelioratingerosionalconsequencesof fire.
Landslides (high priority)—Fire has been

shown to exert a pronounced effect on land
stability. However,there is an urgentneedfor in-
formation on processesinvolved, and for ways to
improvelandstabilityfollowing fire. Effectsof sup-
pressionactivities on landslidesarealso a poorly
studiedtopic.

Permafrost (high priority)—Disturbance of
permafrostis apparentlyone of theprincipal con-
tributors to erosion in Alaska. Considering the
total areainvolved,this is an extremelyimportant
problemin the United States.

Nutrient cycling.—Sincethis topic is covered
in the Effectsof Fire on Soil: A Stateof Knowledge
Review, GTR WO-7, the priority was not
established.However,oneareaof overlapthat isof
moderatepriority is the relationshipof nutrients
transportedoffsite by water and sedimentto site
productivity.
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SUMMARY

Although effectsof fire on water resourcesvary
widely acrossthe United States,therewere some
common responsesamongstudiesthat are worthy
of emphasis:

(1) Fire exertspronouncedeffectson basichy-
drologic processes,leadingto increasedsensitivity
of the landscapeto erodingforces andto reduced
land stability. This is manifestedprimarily as in-
creasedoverlandflow, andgreaterpeakandtotal
discharge.Theseprovide the transport force for
sedimentfrom the landscape.

(2) Erosion responsesto burning area function
of severalfactorsincluding: degreeof elimination
of protectivecover; steepnessof slopes;degreeof
soil nonwettability; climatic characteristics;and
rapidity of vegetationrecovery.

(3) Sedimentation,increasedturbidity levels,
and mass erosion appearto be the most serious
threatsto water resourcesfollowing fire (especially
wildfire). Elimination of protective streambank

cover has been shown to causetemperaturein-
creasesthat might posea threatto aquaticlife.

(4) Despitethelackof documentationof fire size
andintensity,largefiresof high intensityappearto
havethe greatestpotential for causingdamageto
water resources.

(5) Fire causes rapid mineralization and
mobilization of nutrient elements that are
manifestedin increasedlevelsof nutrientsin over-
land flow and in soil solution.Watershedstudies,
however, indicate that theseadditional nutrients
do not significantly impair the quality of surface
watersfor municipal purposes.Effects of nutrient
lossesvia sedimentandsolution havenot beenre-
lateddirectly to siteproductivitybut in generaldo
not appearto representa significant proportion of
total sitenutrient capitals.

(6) Fire-causedwater quality changeswere not
shown to adversely affect composition or prod-
uctivity of benthicmacroinvertebratesbut this is a
poorly documentedresearcharea.

23



LITERATURE CITED

Allen, S. E.
1964. Chemicalaspectsof heatherburning. J. Appl. Ecol. 1:

347-367.
Anderson,H. W.

1956. Forest-covereffects on snowpack accumulationand
melt. Central Sierra Snow Laboratory, Am. Geophys.
Union Trans. 37: 307-312.

Anderson,HenryW.
1976. Fire effectson watersupply,floods, and sedimentation.

Proc. 15th Ann. Tall Timbers Fire Ecol. Conf., Pacific
Northwest.[Portland, Greg.,Oct. 16-17, 1974.] p. 249-260,
illus.

Anderson, Henry W., Marvin D. Hoover, and Kenneth C.
Reinhart.

1976. Forest and water; effects of forest managementon
floods, sedimentation,and watersupply. USDA For. Serv.
Gen. Tech.Rep.PSW-1S, 115 p., illus. Pacific Southwest
For, andRangeExp.Stn., Berkeley,Calif.

Arend,J. L.
1941. Infiltration rates of forestsoils in the Missouri Ozarks

asaffectedby weedburning and litter removal.J. For. 39:
726-728.

Auten,J. T.
1934. Theeffect of forestburningandpasturingin theOzarks

on thewaterabsorptionof forestsoils.U.S. Dep.Agric. For.
Serv. Note 16. CentralStatesFor. Exp. Stn., 5 p.

Bayley,S., andH. T. Odum.
1976. Simulation of interrelationsof theEverglades’marsh,

peat, fire, waterand phosphorus.In Ecological modelling.
ElsevierScientificPubl.Co.,Amsterdam,The Netherlands.

Berndt,H. W.
1961. Someinfluencesof timber cutting on snowaccumula-

tion in the ColoradoFront Range.U.S. Dep. Agric. For.
Serv. Res. Note 58, 3 p. Rocky Mountain For, andRange
Exp. Stn.,Fort Collins, Cob.

Berndt,H. W.
1965. Snow accumulationand disappearancein lodgepole

pineclearcutblocks in Wyoming. J. For. 63: 88-91.
Berndt,H. W.

1971. Earlyeffectsof forest fire on streamfiowcharacteristics.
USDA For. Serv. Res.Note PNW-148,9 p. Pacific North-
westFor. and Range Exp.Stn.,Portland,Greg.

Bethlahmy,N.
1967. Effect of exposureand logging on runoff and erosion.

U.S. Dep. Agric. For. Serv. Res. Note INT-61, 7 p. Inter-
mountainFor, and RangeExp. Stn.,Ogden,Utah.

Biswell, H. H., and Schultz, A. M.
1957. Surface runoff and erosion as related to prescribed

burning. J. For. 55: 372-374.
Black, C. A.

1968. Soil-plant relationships.JohnWiley andSons,Inc. New
York. 792 p., illus.

Bolstad,R.
1971. Catline rehabilitation andrestoration.In Proceedings,

Fire in the Northern Environment, a Symposium, p.
107-116.Pac. NorthwestFor, and Range Exp. Stn., Port-
land, Greg.

Brender,Ernst V., and Robert W. Cooper.
1968. Prescribedburningin Georgia’sPiedmontloblolly pine

stands.J. For. 66: 31-36.
Brown, J. A. H.

1972. Hydrologic effects of a brushfire in a catchment in
southeasternNew SouthWales.J. Hydrol. 15: 77-96.

Brown, G. W., A. R. Gahler, and R. B. Marston.
1973.Nutrient lossesafterclear-cutlogging and slashburn-

ing in the OregonCoast Range.Water ResourcesRes. 9:
1450-1453.

Bullard, W. E.
1954.A reviewofsoil freezingasaffectedby snowcover,plant

cover,and soil conditions in northwesternUnited States.
U.S. Dep. Agric. For. Serv.,Portland,Greg. 12 p.

Campbell,R. E.,M. B. Baker,Jr., P. F. Ffolliott, etal.
1977. Wildfire effects on a ponderosapine ecosystem:An

Arizona casestudy. U.S. Dep. Agric. For. Serv. Res. Pap.
RM-191, 12 p. RockyMt. For, and RangeExp. Stn., Fort
Collins, Cob.

Clary, W. P., and P. F. Ffolliott.
1969. Water holding capacity of ponderosapine forest floor

layers.J. Soil and Water Conserv.24: 22-23.
Colman, E. A.

1953. Fire andwaterin southernCalifornia’s mountains.U.S.
Dep.Agric. For. Serv., California For, and RangeExp. Stn.
Misc. PaperNo. 3.

Connaughton,CharlesA.
1935. Forestfires andacceleratederosion.J. For. 33: 751-752.

Cooper,CharlesF.
1961. Controlled burning and watershedcondition in the

White Mountains,Arizona. J. For. 59: 438-442.
Copley,T. L., L.A. Forrest,et al.

1944. Investigationsin erosion control and reclamationof
erodedland in the Central PiedmontConservationExperi-
ment Station,Statesville,N.C. U.S. Dep.Agric. Tech.Bull.
873. 66 p., illus.

Croft, A. R., and J. A. Adams.
1950. Landslidesand sedimentationin the North Fork of

Ogden River, May 1949. U.S. Dep. Agric. For. Serv. Res.
Pap.INT-21, 4 p. IntermountainFor, andRangeExp.Stn.,
Ogden,Utah.

Croft, A. R., and L. V. Monninger.
1953. Evapotranspirationand other water losses on some

aspenforest typesin relation to wateravailablefor stream
flow. Trans. Am. Geophys.Union 34: 563-575.

Crouse,R. P.
1961. First-year effects of land treatment on dryseason

streamfiowafter a fire in southernCalifornia. U.S. Dep.
Agric. For. Serv. Res.Note 191, 5 p. Pacific SouthwestFor.
and RangeExp. Stn. Berkeley,Calif.

Cushwa,C. T., M. Hopkins, and B. S. McGinnes.
1971. Soil movementin establishedgullies after a single

prescribed burn in the South Carolina Piedmont. USDA
For. Serv. Res. Note SE-153. 4 p.

Davis, J. Daniel.
1977. SouthernCalifornia reservoir sedimentation.Preprint,

Am. Soc.of Civ. Eng. Fall Cony, and Exhib., 25 p.

24



DeBano,L. F.
1971. The effect of hydrophobicsubstanceson water move-

ment during infiltration. Soil Sci. Soc. Am. Proc. 35:
340-343.

DeBano,L. F. andJ. S. Krammes.
1966. Waterrepellantsoilsandtheir relationshipto soil tem-

peratures.Int. Assoc.Sci. Hydrol. 11(2): 14-19,illus.
DeBano,L. F., L. D. Mann,andD. A. Hamilton,

1970. Translocationof hydrophobicsubstancesinto soil by
burningorganiclitter. Soil Sci. Soc.Am. Proc.34: 130-133.

DeBano,L. F., P. H. Dunn,andC. E. Conrad.
1977. Fire’s effects on physical and chemicalpropertiesof

chaparralsoils. In Proc.of the Symp. on Environ. Conse-
quencesof Fire and Fuel Managementin Mediterranean
Ecosystems.USDA For. Serv. Gen. Tech.Rpt. WO-3, p.
65-74.

DeBano,L. F. and C. E. Conrad.
1978. Effects of fire on nutrientsin a chaparralecosystem.

Ecol. 59: 489-497.
DeBell, D. S., andC. W. Ralston.

1970. Releaseof nitrogen by burning light forest fuels. Soil
Sci. Soc. Am. Proc. 34: 936-938.

DeByle,N. V., and P. E. Packer.
1972. Plant nutrient and soil losses in overlandflow from

burnedforestclearcuts.In Watershedsin Transition,Proc.
of a symp. sponsoredby theAm. WaterResour.Assoc.and
ColoradoStateUniv., p. 296-307.,illus.

DeLeonardis,S.
1971. Effects of fire and fire control methods in interior

Alaska. In Proc.,Fire in the NorthernEnviron. A Symp. p.
101-105. USDA For. Serv. Pacific Northwest For. and
RangeExp. Stn.Portland,Greg.

Dortignac,E. J., and L. D. Love.
1961. Infiltration studieson ponderosapine rangesof Col-

orado.U.S. Dep. Agric. For.Serv. Pap.59, RockyMountain
For, and RangeExp. Stn. 34 p.

Dyrness,C. T.
1976. Effect of wildfire on soil wettability in the High

Cascadesof Oregon.USDA For. Serv.Res. Pap. PNW-202,
Pac,NorthwestFor, and RangeExp.Stn. Portland,Greg.,
18 p. illus.

EnvironmentalProtectionAgency.
1973. Waterquality criteria 1972. EPA R3-73-033.594 p.

Evans,C. C. and S. E. Allen.
1971. Nutrient lossesin smokeproducedduringheatherburn-

ing. Gikos. 22: 149-154.
Ewel, J.

1977. Relationshipof fire to vegetationchangebasedon its
effecton mycorrhizalfungi. Final Rpt. Supp.No. 25 to Con-
tract No. A8FS-9,961 between USDA For. Serv.,
Southeastern For. Exp. Stn., and Univ. of Florida,
Gainesville,Fla.

Farmer,EugeneE.
1973. Relative detachabilityof soil particles by simulated

rainfall. Soil Sci. Soc. Am. Proc. 37: 629-633.
Fowler, W. B., and J. D. Helvey.

1978. Changesin thethermalregimeafterprescribedburning
and selecttree removal (GrassCamp, 1975). USDA For.
Serv. Res. Pap. PNW-234. Pacific Northwest For, and
RangeExp. Stn., Portland,Greg.17 p., illus.

Fredriksen,R. L.
1971. Comparativechemicalwaterquality—Naturaland dis-

turbedstreamsfollowing logging and slash burning. In a

Symp.,For.Land UsesandStreamEnviron.[October 19-21
1970,] p. 125-137. Oregon State Univ., Corvallis., Greg.
illus.

Garcia,R. M., andC. P. Pase.
1967. Moisture-retentioncapacityof litter undertwo Arizona

chaparralcommunities.U.S. Dep. Agric. For. Serv. Res.
Note RM-85, 2 p. Rocky Mountain For, and RangeExp.
Stn., Fort Collins, Cob.

Gary, HowardL., and GeorgeB. Coltharp.
1967. Snowaccumulationand disappearanceby aspectand

vegetationtype in the SantaFe Basin, New Mexico. U.S.
Dep.Agric. For.Serv.Res.NoteRM-93, 11 p. RockyMoun-
tam For, and RangeExp. Stn., Fort Collins, Cob.

Gifford, GeraldF., JohnC. Buckhouse,and FrankE. Busby.
1976. Hydrologicimpactof burningandgrazingon a chained

pinyonjuniper site in southeasternUtah. Centerfor Water
Resor. Res., Utah Water Res. Lab., Utah State Univ.,
Logan,Utah 22 p., illus.

Gleason,P. J., andW. Spackman,Jr.
1974. Calcareousperiphyton and water chemistry in the

Everglades.In Environmentsof southFlorida: presentand
past.Mem. 2, p. 146-181.Miami Geol.Soc., Miami, Fla.

Glendening,G. E., C. P. Pase,andP. Ingebo.
1961. Preliminaryhydrologiceffectsof wildfire in chaparral.

[Reprinted from Modern Techniquesin Water Manage-
ment, Proc. Fifth Ann. Arizona WatershedSymp., 4 p.,
illus.]

Grier, C. C.
1975. Wildfire effectson nutrientdistribution andleachingin

a coniferousecosystem.Can.J. For. Res. 5: 599-607.
Grier, C. C., and D. W. Cole.

1971. Influenceof slashburning on ion transportin a forest
soil. NorthwestSd. 45(2): 100-106.

Haupt, H. F.
1951. Snow accumulationand retentionon ponderosapine

landsin Idaho.J. For. 49: 369-371.
Helvey, J. D.

1971. A summaryof rainfall interceptionby certain conifers
of North America. Proc. Third Int. Seminar for Hydro.
Professors,Purdue Univ., Biological effects in the hy-
drological cycle, p. 103-113.

Helvey, J. D.
1973. Watershedbehaviorafter forest fire in Washington.In

Proc. Irrig. and Drain. Div., Spec.Conf., Ft. Collins, Cob.,
Am. Soc.Civ. Eng., p. 403-422.

Helvey, J. D., A. R. Tiedemann,and W. B. Fowler.
1976. Some climatic and hydrologic effects of wildfire in

Washington State. Ann. Proc.Tall Timbers Fire Ecol.
Conf., No. 15, p. 201-222,illus.

Hetherington,E. D.
1976. DennisCreek—A look at waterquality following log-

ging in the OkanoganBasin. Environ. Can., For. Serv.,31
p., illus.

Hewlett, John D., andWadeL. Nutter.
1969. An outline of foresthydrology.Univ. of GeorgiaPress,

Athens,Ga. 137 p.
Hewlett, JohnD.

1970.Reviewof thecatchmentexperimentto determinewater
yield. In Proc. Joint FAG/USSR Int. Symp. on For. In-
fluencesand WatershedManage.,Techn.SessionIV - Hy-
drol. Processes,p. 145-155.

Hewlett, JohnD., Howard W. Lull, and KennethC. Reinhart.
1969. In defenseof experimentalwatersheds.Water Resour.

Res. 5: 306-315.

25



Hibbert, Alden R., Edwin A. Davis,and David G. Scholl.
1974. Chaparral conversion potential in Arizona. Part 1:

Wateryield responseandeffectson otherresources.USDA
For. Serv. Res. Pap. RM-126, 36 p. Rocky Mountain For.
and Range Exp.Stn., Fort Collins, Cob., illus.

Hoffman, RayJ., and RodgerF. Ferreira.
1976. A reconnaissanceof effects of a forest fire on water

quality in Kings CanyonNationalPark. USD1 Geol.Surv.
Open File Rpt. 76-497.Menlo Park, Calif., 17 p., illus.

Jensen,Frank,and GeneF. Cole.
1965. SouthFork of theSalmonRiver stormand flood report.

[Unpublished.] (On file at IntermountainFor, and Range
Exp.Stn.,Boise, Idaho).

Johnson,C. M., and P. R. Needham.
1966. Ionic compositionof SagehenCreek,California, follow-

ing anadjacentfire. Ecol. 47: 636-639.
Kimmins, J. P., andM. C. Feller.

1976. Effect of clearcuttingand broadcastslashburningon
nutrient budgets,streamwaterchemistryandproductivity
in westernCanada.Proc. 16th JUFROWorld Conf., Div. 1,
Oslo, Norway, p. 186-197,illus.

Kittredge,J.
1955. Litter and forest floor of the chaparralin partsof the

San DimasExperimentalForest,California. Hilgardia 23:
563-596.

Klock, G. 0., and J. D. Helvey.
1976a.Debris flowsfollowing wildfire in northcentralWash-

ington. In Proc.Third FederalInter-AgencySedimentation
Conf., Water Resour.Counc.,p. 91-98, illus.

Kbock, G. 0., and J. D. Helvey.
1976b.Soil-watertrendsfollowing wildfire on theEntiat Ex-

perimental Forest. Ann. Proc. Tall Timbers Fire Ecol.
Conf., No. 15, p. 193-200.

Kbock, Glen 0.
1978. Someengineeringaspectsof forestsoils.In Forest soils

of the Douglas-fir region. Chapter 5. Wash. State Univ.
Press,Pullman,Wash.

Knighton, M. Dean.
1977. Hydrologic responseand nutrient concentrations

following spring burns in an oak-hickory forest. Soil Sci.
Soc. Am. J. 41: 627-632.

Krammes,JayS.
1960.Erosionfrom mountainsideslopesafter fire in southern

California. U.S. Dep. Agric. For. Serv. Res. NoteNo. 171, 8
p. Pacific SouthwestFor, and RangeExp. Stn., Berkeley,
Calif., illus.

Krammes,J. S.
1963. Seasonaldebris movementfrom steep mountainside

slopesin southernCalifornia. In Proc. of the Fed. Inter-
Agency Sediment.Conf., Misc. Publ. No. 970, U.S. Dep.
Agric., ARS, p. 85-88.

Krammes,J. S., andL. F. DeBano.
1965. Soil wettability: a neglected factor in watershed

management.Water ResourcesRes. 1: 283-286.
Levno, Al, andJack Rothacher.

1969. Increasesin maximumstreamtemperaturesafterslash
burning in a small experimentalwatershed.U.S. Dep.
Agric. For. Serv. Res. Note PNW-l10, 7 p. Pacific North-
west For, and RangeExp. Stn., Portland,Greg.

Lewis, W. M., Jr.
1974. Effects of fire on nutrient movement in a South

Carolina pine forest. Ecol. 55: 1120-1127.

Likens, C. E., F. H. Bormann,N. M. Johnson,et al.
1970. Effects of forest cutting and herbicide treatmenton

nutrient budgets in the Hubbard Brook watershed-
ecosystem.Ecol.Mono. 40: 23-47.

Longstreth,D. J., and D. T. Patten.
1975. Conversionof chaparralto grassin Central Arizona:

Effectson selectedions in watershedrunoff. Am. Midland
Natur. 93(1): 25-34.

Lotspeich,F. B.
1972. Effects of WickershamDome fire on waterquality of

Washington Creek. Environmental Protection Agency,
AlaskaWaterLab.,College,Alaska.Working Pap.14,17p.

Lotapeich,FrederickB., ErnstW. Mueller, and PaulJ. Frey.
1970. Effectsof largescaleforestfires on water quality in in-

terior Alaska. USD1 Fed. Water Poll. Control Adm.,
Alaska WaterLab., College,Alaska. 115 p., illus.

Loveless,C. M.
1959. A study of the vegetation in the Florida Everglades.

Ecol. 40(1): 1-9.
McColl, J. G., and D. W. Cole.

1968. A mechanismof cationtransportin a forestsoil. North-
west Sci. 42: 135-140.

McColl, J. G., and D. F. Grigal.
1975. Forest fire: Effects on phosphorusmovementto lakes.

Sci. 188: 1109-1111.
McColl, J. G., and D. F. Grigal.

1977. Nutrient changesfollowing a forest wildfire in Min-
nesota:Effects in watershedswith differing soils. Gikos:
28(1): 105-112.

Meeuwig, R. 0.
1965. Effects of seedingand grazingon infiltration capacity

and forest canopy.Nat. Workshop Semin, Snow Hydrol.,
Fredericton,New Brunswick, 10 p.

Megahan,Walter F., andDelbert C. Molitor.
1975. Erosional effects of wildfire and logging in Idaho.

WatershedManagementSymp.,Am. Soc., Civ. Eng. Irrig.
and Drain. Div., [Logan, Utah,August 11-13, 1975.]

Meginnis, H. G.
1935. Influenceof forest litter on surfacerun-off andsoil ero-

sion.Am. Soil Surv. Assoc.Bull. 16: 115-118.
Meiman, JamesR

1968. Snow accumulation related to elevation, aspect,and
forestcanopy.Nat. Workshop Semin.,Snow Hydrol., Fre-
dericton,New Brunswick, 20 p.

Mersereau,R. C., and C. T. Dyrness.
1972. Acceleratedmasswastingafter logging andslashburn-

ing in westernOregon.J. Soil and Water Conserv.27(3):
112-114.

Metz, L. J., T. Lotti, and R. A. Klawitter.
1961.Someeffectsof prescribedburningoncoastalforestsoil.

U.S. Dep. Agric. For. Serv. Pap. 133, 10 p. SoutheastFor.
Exp. Stn.,Asheville,N.C.

Moebring,D. M., C. S. Grano, and J. R. Bassett.
1966. Properties of forested bess soils after repeated

prescribedburns. U.S. Dep. Agric. For. Serv. Res. Note
SO-40, SouthernFor. Exp. Stn., New Orleans,La., 4 p.,
illus.

1955. Moss cover and rainfall interception in frequently
burnedsites in the New Jerseypinebarrens.Bull. Torrey
Bot. Club 82: 155-162.

Odum, H. T., K. C. Ewel, W. J. Mitch, and J. W. Grdway.
1975. Recycling treatedsewagethroughcypresswetlandsin

Florida. Center for Wetlands, Phelps Lab., Univ. of
Florida, Gainesville,Fla. 13 p.’ illus.

26



Osborn,Ben.
1954a.Soil splashby raindrop impacton bare soils.J. Soil

and Water Cons. 9: 33-38.
Osborn,Ben.

1954b. Effectivenessof cover in reducing soil splash by
raindrop impact. J. Soil and Water Cons. 9: 70-76.

Pase,C. P., and P. A. Ingebo.
1965. Burnedchaparralto grass:Earlyeffectson waterand

sediment yields from two granitic soil watershedsin
Arizona. Proc. Ann. Arizona Watershed Symp., p. 8-11,
iblus.

Pritchett,W. L.
1977.Considerationsin useof fire by prescriptionfor manag-

ing soil and water, p. 33-35.In Proc. Fire by Prescription
Symp.,[October 13-15, 1976, Atlanta,Ga.] U.S. Dep.Agric.
For. Serv.

Ralston,C. W., and C. E. Hatchell.
1971.Effects of prescribedburning on physicalpropertiesof

soil. In PrescribedBurning Symposium,p. 68-84. U.S. Dep.
Agric. For. Serv.,SoutheasternFor. Exp. Stn., Asheville,
NC.

Osborn,Ben.
1954a.Soil splashby raindropimpact on haresoils. J. Soil

and Water Cons.9: 33-38.

Osborn,Ben.
1954W Effectiveness of cover in reducing soil splash by

raindrop impact.J. Soil and Water Cons. 9: 70-76.

Pase,C. P., and P. A. Ingebo.
1965. Burnedchaparralto grass:Earlyeffects on waterand

sediment yields from two granitic soil watersheds in
Arizona. Proc. Ann. Arizona WatershedSymp., p. 8-11,
illus.

Pritchett,W. L.
1977.Considerationsin useof fire by prescriptionfor manag-

ing soil and water,p. 33-35. In Proc.Fire by Prescription
Symp.,[October 13-15,1976, Atlanta,Ga.]U.S. Dep.Agric.
For. Serv.

Ralston,C. W., and C. E. Hatchell.
1971. Effects of prescribedburning on physicalpropertiesof

soil. In PrescribedBurningSymposium,p. 68-84. U.S. Dep.
Agric. For. Serv.,SoutheasternFor. Exp. Stn., Asheville,
N.C.

Rice,RaymondM.
1974. The hydrologyof chaparralwatersheds.In Proc.Symp.

on Living with the Chaparral,[March 30-31, 1973, Univ. of
California] Riverside,Calif. p. 27-33., illus.

Rich, L. R.
1962.Erosionandsedimentmovementfollowing a wildfire in

a ponderosapine forestin centralArizona.U.S.Dep. Agric.
For. Serv.,RockyMountain For, and RangeExp. Stn., 12
p., ilbus.

Robertson,W. B., Jr.
1953. A survey of the effects of fire in EvergladesNational

Park. Mimeo report. USD1 Nat. Park Serv., 169 p.
Rode,A. A.

1955. Soil science.[Trans. from Russian.Israel Progr.for Sci.
Transl.,Jerusalem,1962.]

Rothacher,J.
1965. Snow accumulationand melt in strip cuttings on the

westslopesof the OregonCascades.U.S. Dep.Agric. For.
Serv. Res.Note PNW-23, 7 p. Pacific NorthwestFor, and
RangeExp. Stn., Portland,Greg.

Rowe, P. B., C. M. Countryman,and H. C. Storey.
1954. Hydrologicanalysisusedto determineeffectsof fire on

peak dischargeand erosion rates in southern California
watersheds.California For, andRangeExp.Sto., US. Dep.
Agric. For. Serv. 49 p., illus.

Rotter, A. J.
1967. An analysisof evaporationfrom a standof Scotspine.

In Intern. Symp. on For. Hydrol., p. 403-417, Pergamon
Press,New York.

Sinclair,J. D., and E. L. Hamilton.
1955. Streamfiow reactionsto a fire-damagedwatershed.In

Proc.Hydraub.Div., Am. Soc. of Civ. Eng., 15 p.
Smith, D. W.

1970. Concentrationsof soil nutrientsbefore and after fire.
Can.J. Soil Sci. 50: 17-29.

Snyder,Gordon G.
1976. The Rocky Mountain waterquality benchmarksystem:

A procedurefor stratifyingthenaturalchemicalandphysi-
cab quality of streamwater.Ph.D. Thesis,Univ. Of Idaho,
83 p. Diss. Abstr.No. 76-29901.

Snyder,Gordon C., Harold F. Haupt, and GeorgeH. Belt, Jr.
1975. Clearcuttingand burning slashalter quality of stream

water in northern Idaho. USDA For. Serv. Res. Pap.
INT-168, 34 p., illus. IntermountainFor, andRangeExp.
Stn.,Ogden,Utah.

Stark,Nellie M.
1977. Fire and nutrientcycling in a Douglas-fir/larchforest.

Ecol. 58: 16-30.
Steward,K. K.

1974. Physiological, edaphic and environmental charac-
teristicsof Evergladessawgrasscommunities.p. 37-46.In
Environmentsof South Florida: Presentand past.Miami
Geol. Soc.Mem.2.

Steward,K. K., andW. H. Ornes.
1975. The autecobogyof sawgrassin theFlorida Everglades.

Ecol. 56(1): 162-171.
Stone,Earl.

1973. The impact of timber harvest on soils and water. In
Rep.President’sAdvisory Panelon Timber and Environ-
ment, Append.M, p. 427-467.

Stottlemyer,J. R., andC. W. Ralston.
1968. Nutrient balancerelationshipsfor watershedsof the

FraserExperimental Forest. In Tree Growth and Forest
Soils. Proc.Third North Am. For. SoilsConf., OregonState
Univ. Press,p. 359-382,ilbus,

Suman,R. F., andL. K. Halls.
1955. Burning and grazing affect physical properties of

Coastal Plain forest soils. U.S. Dep. Agric. For. Serv.,
SoutheasternFor. Exp.Stn., Res. Note 75. 2 p., illus,

Swanston,DouglasN.
1971. Principalsoil movementprocessesinfluencedby road-

building, bogging, and fire. Proc. of a Symp. Forest land
usesand stream environment, p. 28-40. [October 19-20,
1970,] OregonState Univ., Corvallis, Greg.,illus.

Taras,M. J., A. L. Greenberg,R. D. Hoak, andM. C. Rand.
1971. Standardmethods for the examinationof water and

wastewater.13th ed. Am. Pubi. Health Assoc.,Am. Water
Works Assoc.,and Water Pollut. Control Fed. 874 p.

Tiedemann,A. R.
1973.Streamchemistryfollowing a forest fire and ureafer-

tilization in north-centralWashington,USDA For. Serv.
Res. Note PNW-203, 19 p. Pacific Northwest For, and
RangeExp.Stn., Portland,Greg.,illus.

27



Tiedemann,A. R., andJ. D. Helvey.
1973. Nutriention lossesin streamfiowafterfire and fertiliza-

tion in easternWashington.(Abstr.) Bull. Ecob. Soc. Am.
54(1): 20.

Tiedemann,A. R., J.D. Helvey, and T. D. Anderson,
1978. Stream chemistry and watershed nutrient economy

following wildfire and fertilization in easternWashington.
J. Environ.Qual. Vol. 7:580-588.

Ursic, S. J.
1969. Hydrologic effectsof prescribedburningon abandoned

fields in northern Mississippi. USDA For. Serv. Res. Pap.
SO-46,20 p. SouthernFor. Exp. Stn., New Orleans,La.

Ursic, S. J.
1970. Hydrologic effectsof prescribedburningand deadening

upland hardwoods in northern Mississippi. USDA For.
Serv. Res. Pap. SO-54. Southern For. Exp. Stn., New
Orleans,La.

U.S. Army Corps of Engineers.
1956. Snowhydrology: Summaryreportof thesnowinvestiga-

tions. North Pac.Div., U.S. Army Corpsof Eng.,Portland,
Greg..437 p.

Viereck, L. A.
1973a.Ecological effectsof river flooding and forest fires on

permafrost in the taiga of Alaska. In Permafrost: The
North Am. Contribution to the Second Intern. Conf., p.
60-67.

Viereck, L. A.
1973b.Wildfire in thetaiga of Alaska.QuarternaryResearch

3, p. 465-495.

Viro, P. J,
1974. Effects of forest fire on soil. In Fire and Ecosystems,

AcademicPress,New York, 542 p., illus.
Wisler, C. 0.; E. F. Brater.

1959. Hydrology.JohnWiley andSons,Inc. New York. 408p.,
illus.

Wood, F., and N. G. Maynard.
1974. Ecology of the micro-algaeof the Florida Everglades.

In Environmentsof south Florida: presentand past.Mem.
2, p. 123-145.Miami Geol. Soc.,Miami, Fla.

Wood, John R.
1977. The aquatic insects of Rainy Creek with special

referenceto ~addisfiies (Trichoptero).MS.Thesis,Central
Wash. Univ., Ellensburg,Wash.71 p., illus. [Unpublished]

Wright, Henry A., FrancisM. Churchill, and W. Clark Stevens.
1976. Effect of prescribedburning on sediment,water yield,

and water quality from dozed juniper bands in central
Texas.J. RangeManage.29: 294-298.

Wright, R. F.
1976. The impact of forest fire on the nutrient infbuxesto

small lakes in northeasternMinnesota.Ecol. 57: 649-663.,
ilbus.

Ziemer, R. H.
1964. Summer evapotranspirationtrendsas relatedto time

after logging of forestsin Sierra Nevada,J. Geophys.Res.
69: 615-620.

Zinke, P. J.
1967. Forest interception studies in the United States. In

Symp. on For. Hydrol., p. 137-161,PergamonPress,New
York.

U.S. GOVERNMENT PRINTING OFFICE: 1979 0—296-337

28


